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PCA plate count agar 
POD enzyme peroxidase 
PPO enzyme polyphenol oxidase 
RASFF alert system for food and feed 
RTE products ready-to eat products 
S. spp Salmonella species 
SD standard deviation 
TSA tryptic soy agar 
TSB tryptic soy broth 
TTC 2,3,5-triphenyl tetrazolium chloride 
VBNC viable but non-culturable cells 
XLD xylose lysine deoxycholate 
YOPI groups young, old, pregnant and immunosuppressed people 
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In the last few years, people have shown growing interest for consumption of fresh 
vegetables, within the increasing interest for healthy food and its impact on human health 
(Olaimat and Holley, 2012). At the same time, food-borne outbreaks associated with fresh 
produce and minimally processed fruits and vegetables are commonly recognized, being 
most frequently due to Salmonella spp. and Escherichia coli O157:H7 (Warriner et al., 2009; 
Sewell and Farber, 2001). In association with the report of the European Food Safety 
Authority (EFSA) in 2018, food-borne outbreaks linked with Salmonella are the most 
frequent among those with determined causative agent, and salmonellosis is the second most 
commonly reported bacterial zoonosis transmitted by food in the European Union countries. 
In particular, although Salmonella is usually linked to poultry meat, eggs and their products, 
it has also been found in green vegetables, including lettuce. They are associated with several 
reported outbreaks, and linked to different serovars (Castro-Rosas et al., 2010), thus being 
one of the most considerable food-borne diseases in EU (EFSA 2017, 2018; Berger et al., 
2009). 
 
Although Salmonella is an intestinal pathogen, it develops adjustments to live outside of the 
host organisms and survives in stress conditions (Kroupitski et al., 2009b). Salmonella has 
a natural tangency to adhere to various surfaces occurring in many environments, including 
lettuce (Lima et al., 2013). Many surface properties of bacteria, such as cell surface 
hydrophobicity, are related to the adhesion ability to the surfaces and this characteristic, 
together with the biofilm formation capability, plays a role in the survival of pathogens (Choi 
et al., 2015). Planktonic cells are easier to remove and more sensitive to inactivation, 
compared to biofilm-associated cells. Growth of bacterial cells in biofilms can lead to 
increased opportunity for microbial contamination in food processing environments. 
Furthermore, bacterial biofilms increase the risk for reduced shelf life and cause foodborne 
outbreaks (Chmielewski and Frank, 2003). Salmonella presence on lettuce occurs at various 
steps, from production to consumer (Lapidot et al., 2006). Different sources of 
contamination (soil, composed manure, water, improper handling) can be involved 
(Kroupitski et al., 2009b).  
 
During vegetables processing, there is no inactivation treatment to assure the eradication of 
Salmonella, so washing of produce with chlorinate solution is the most conventional 
approach to reduce biofilm-forming cells on post-harvest produce surface (Nou et al., 2011). 
However, chlorine wash can develop compounds with potential negative impacts on human 
health (García-Heredia et al., 2013). On the other hand, the increasing consumers' demand 
for natural food products (Huang et al., 2017) suggests that the essential oils (EOs) might be 
an alternative to control biofilm formation of food-borne pathogens on fresh produce. In fact, 
these volatile oils are well recognized for their antimicrobial and antioxidant properties and 
their activity has been investigated in food systems. It is well known that various essential 
oils have different biological effects against bacterial cells. Among others, their components 
could reduce biofilm formation (Calo et al., 2015).  
 
Furthermore, the appearance, colour, and texture of vegetables plays an important role on 
consumers when assessing vegetable freshness. EOs would have anti-browning properties, 
and together with potential anti-biofilm effect against Salmonella cells can be considered a 
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natural alternative to traditional preservatives (Chen et al., 2017). Most of the published 
studies on the anti-biofilm properties of the essential oils were conducted in vitro. Thus, the 
purpose of this study was to investigate possible application of EOs as biopreservatives on 
a real food product, green lettuce.  
 
1.1 AIM AND SCOPE  
 
The aim of this thesis was to evaluate the effect of the eight commercial essentials oils 
against the ability of six Salmonella enterica serovars to attach to and colonize green lettuce 
leaves. 
 
1.1.1 Aims, objectives of work 
 
• to evaluate the ability of biofilm production by Salmonella enterica cells (serovars S. 
Kasenyi, S. Veneziana, S. Napoli, S. Derby, S. Thompson, S. Typhimurium) in plastic 
surface under various conditions (influence of temperature, medium, initial 
concentration and surfaces) and its correlation with cell surface hydrophobicity, 
• to select the most effective essential oil (Caryophyllus aromaticus, Cinnamomum 
zeylanicum, Origanum vulgare, Rosmarinus officinalis, Salvia officinalis, Salvia 
sclarea, Satureja montana, Thymus vulgaris) against tested Salmonella serovars, 
together with their influence on growth dynamics of the strains, 
• to evaluate the effect of the most effective essential oil on Salmonella cells with different 
attachment capacity (non-adherent, loosely adherent and strong adherent cells) on green 
lettuce leaves, 
• to investigate the influence of essential oils on colour and anti-browning properties of 




Salmonella serovars will form strong biofilm on plastic surface, which will reflect in high 
value of cell surface hydrophobicity and have high adherence rate on lettuce leaves. 
 
Essential oils will have different antimicrobial effect against tested Salmonella strains in 
plastic microtiter plates, with serovar specific sensitivity.  
 
Anti-adhesive effect of the most effective essential oils will be more efficient immediately 
after treatment, against loosely attached Salmonella cells than against strongly attached cells 
on lettuce surface. After prolonged storage time, essential oils have lower efficacy. 
 
Essential oils will have anti-browning effect on treated lettuce leaves and the colour will be 
less yellow compared to untreated lettuce. 
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2 LITERATURE REVIEW 
 
2.1 GREEN LETTUCE  
 
Lettuce (Lactuca sativa L.) belongs to the genus Lactuca, within the Asteraceae family of 
plants. It has been cultivating for a long time all over the world, but most probably originates 
from Egypt (Paulsen and Andersen, 2015). In addition, lettuce is one of the most largely 
consumed green leafy vegetable in the world (Rossi et al., 2016), because of its year-round 
availability to consumers, low cost and nutritional values, such as low calories content and 
essential nutrients (Gueye and Diouf, 2007; Rumeza et al., 2006). In detail, vegetables are 
important component of a healthy and balanced diet, together with fruits a minimum of 400 
g is recommend per day. This represents a protective way against cancer and chronic 
illnesses, such as obesity, cardiovascular diseases, and diabetes (WHO, 2003). 
 
There is no systematics of lettuce, due to high morphological and genetic diversity among 
cultivars of lettuce. Some authors suggested six lettuce types based upon leaf shape, texture, 
size, stem type and head formation. They are crisphead lettuce (Iceberg lettuce), butterhead 
lettuce, romaine, leaf or cutting, stem or stalk lettuce and Latin lettuce (Kim et al., 2016). In 
our study, we used fresh Iceberg lettuce, obtained from a local retail store in Mosciano Santʹs 
Angelo (Italy). This type of lettuce has dark green outer leaves, while the inner leaves are 
pale and lack of chlorophyll (Figure 1). Cultivars are cold tolerant and are well adapted to 
warmer conditions. In addition, they are well adapted for long distance shipment compared 










Figure 1: Iceberg lettuce (Lactuca sativa L.). 
Slika 1: Solata ledenka (Lactuca sativa L.). 
 
2.1.1 Nutritional value of lettuce 
 
The nutritional value of the lettuce differs in lettuce type, growing conditions, postharvest 
handling and storage conditions. In detail, the main ingredient of lettuce is water, 93.8 g/100 
g, followed by carbohydrates 3.0 g/100 g, and fats 0.25 g/100 g (Rumeza et al., 2006). 
Moreover, it is also important source of microelements, such as Ca, P, Na, K, Fe and vitamins 
thiamine (vitamin B1), riboflavin (vitamin B2), niacin (B5) and ascorbic acid (vitamin C) 
(Rumeza et al., 2006). Low content of fats and good source of fiber represent healthy choice 
for the consumer, whereas on the other hand, high water content and neutral pH value 
represent suitable conditions for growth of undesirable pathogens on the surfaces (Yaron and 
Römling, 2014).   
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2.1.2 Microbiology of fresh lettuce  
 
Vegetables, especially lettuce, are capable of supporting the growth of a wide range of 
microorganisms due to the moisture, high aw value, and the near neutral pH (Lima et al., 
2013; Adams et al., 2016). Consequently, it is not surprising that the surface of fresh lettuce 
contains high counts of microorganisms, in fact from 103 to 107 bacterial cells per gram of 
lettuce leaves, with predominant location on outer leaves (Hallmann et al., 2001). In detail, 
Enterobacteriaceae, Pseudomonadaceae, lactic acid bacteria, followed by yeasts and fungi 
characterize lettuce microbial community (Lima et al., 2013; Liao and Fett, 2001). The 
biggest issue on lettuce surface is the presence of pathogens, such as Salmonella, Escherichia 
coli O157:H7, Listeria monocytogenes, and Campylobacter (Igbinosa, 2015; Abadias et al., 
2008; Zhu and Hussain, 2014). Losio et al. (2015) observed that 3.7 % of 1372 fresh leafy 
green vegetables and 1.8 % of 1160 ready to eat products (RTE), marketed in Italy, were 
contaminated with one or more foodborne pathogens. Pathogenic bacteria can colonize 
various parts of the lettuce and consequently not only survive, but they can also replicate on 
the lettuce and cause foodborne outbreaks (Yaron and Römling, 2014). The exact 
concentration and type of microorganism on lettuce surface is dependent on multiple factors. 
Plant species, plant morphology, position of the leaves and age of the leaves have all been 
associated with the size of phyllosphere population (Hunter et al., 2010; Brandl and 
Amundson, 2008). Kondo et al. (2006) have determined Iceberg lettuce microflora for about 
106 to 107 CFU/g of bacteria on lettuce leaves surfaces.  
 
2.1.3 Anatomy of lettuce leaf and bacterial potential attachment sides on leaf 
 
The phyllosphere (aerial parts) and the rhizosphere (underground part) of the plants represent 
lettuce area, where microbes can penetrate into the plant interior (Figure 2). They can 
penetrate directly through the leaf or root surface or by entering through wounds or natural 
openings (Kroupitski et al., 2009a). In phyllosphere, the outer layer (adaxial side) of leaf 
surface is cuticle; its major role is protection from environmental impact (UV radiation, 
desiccation). It contains hydrophobic compounds such as cutin, suberin and waxes, which 
make the pathogens difficult to attach (Fernandes et al., 2014). On the other hand, nutrients 
leaking onto the surface from wounds and broken trichomes originated from mesophyll are 









Figure 2: Internalization of Salmonella on green lettuce (Kroupitski et al., 2009a). 
Slika 2: Internalizacija bakterije rodu Salmonella na zeleni solati (Kroupitski in sod., 2009a). 
 
On the other side of the leaf (abaxial side), higher bacterial attachment is observed on regions 
such as stomata, epidermal cell wall junctions, as well as grooves along the veins, in the base 




Stoma Cross section of a leaf 
Cuticle 
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The stomata, with their primary role involved in gasses exchange between cells in internal 
leaf tissues, provide also protective niches for bacteria and represent source of nutrients 
(Kroupitski et al., 2009a; Yaron and Römling; 2014; Schikora et al., 2012). Kroupitski et al. 
(2009b) reported that photosynthesis plays a major role in Salmonella colonisation on green 
lettuce. The key factor is a higher concentration of sugar sucrose (and perhaps glucose and 
fructose) on the leaves exposed to the natural light, compared to other leaves kept in the 
dark. Beside this, the stomata are open and enable penetration of pathogens. Trichomes were 
used to accumulate various compounds such as ions (Ca, Na, Mn, and Pb), defence proteins 
and secondary metabolites, where the essential oils also belong (Yaron and Römling, 2014).  
 
In the rhizosphere, roots are rich in nutrients and represent well-hydrated environment. The 
major compound of roots secretion is mucilage, composed of polysaccharides, organic acids, 
vitamins and amino acids, which represent the excellent substrate for microbial growth 
(Yaron and Römling, 2014). Environmental conditions, such as UV radiation, lack of water 





Salmonella belongs to the Enterobacteriaceae family, which represents a complex group of 
pathogenic bacteria, composed of two species, six subspecies and include more than 2579 
serovars (Andino and Hanning, 2015). Due to the difference in 16S rRNA sequence analysis, 
the genus consists of two main species. These are S. enterica and S. bongori (Pui et al., 
2011). Most of Salmonella serovars are motile, which is vital for long-term survival of 
bacteria outside of the host organism. S. Typhimurium represents the most studied 
Salmonella serovar, consists of 5 to 15 peritrichously arranged flagella around the cell 
surface. This allows bacterial cells to swim in the liquid media to the source of nutrients and 
survive in stress conditions. However, most Salmonella serovars have two flagelin genes, 
fliC and fljB (Olsen et al., 2012). 
 
Animals, especially the intestines of farm animals (such as poultry, pigs, cattle) and humans 
are the natural reservoirs, from which Salmonella can be released via faeces to soil and 
consequently to water and food (Andino and Hanning, 2015). Furtermore, generally 
Salmonella is contracted through the consumption of contaminated food of animal origin 
(eggs, poultry meat and dairy products) or cross-contamination through inadequately cleaned 
processing equipment (Reij and Den Aantrekker, 2004). Salmonella has also been found in 
fruits and leafy green vegetables, including lettuce. Several outbreaks have been reported, 
linked to different serovars (Castro-Rosas et al., 2010; Spector and Kenyon, 2012), thus 
making salmonellosis one of the most considerable food-borne diseases in EU (EFSA, 
2018). The infectious dose of enteric Salmonella is high, of the order of 106 cells, with an 
incubation period between 6 and 48 h, causing symptoms such as mild fiver, abdominal pain 
and diarrhoea (Adams et al., 2016). On the contrary, recently the increasing number of 
foodborne outbreaks indicated that Salmonella could cause illness in lower numbers, with 
just 10-100 cells, with more susceptibility to infection by YOPI groups (young, old, pregnant 
and immunocompromised) (Pui et al., 2011). 
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2.2.1 Characteristics and growth conditions of Salmonella strains 
 
Salmonella are small, generally 2–5 µm long and 0.5–1.5 µm wide bacteria (Andino and 
Hanning, 2015). They are generally motile with peritrichous flagella, in average from four 
to six flagella per cell (Karlinsey et al., 2000). A common characteristic of bacterium 
Salmonella: Gram-negative, non-sporeforming rods, facultative anaerobic bacteria, able to 
ferment lactose, and able to produce hydrogen sulphite. Moreover, they are catalase positive 
and oxidase negative. Other biochemical properties that enable Salmonella cells to be 
identified include the ability to grow on citrate as a sole carbon source, lysine decarboxylate 
and urea hydrolysis (Andino and Hanning, 2015).  
 
Most Salmonella serotypes grow at 5 to 47 °C with an optimal temperature of 37 °C (Adams 
et al., 2016). Veys et al. (2016) figured out that the temperature 10 °C did not support the 
growth of Salmonella for 24 h, but are able to survive on salad and vegetables in the 
refrigerator at 8 °C (Jeffreys et al., 1998). Furthermore, some Salmonella cells can survive 
at temperatures as low as 2 to 4 °C (Andino and Hanning, 2015). Higher temperature of 70 
°C or above rapidly destroyed Salmonella cells, which are sensitive to heat. Salmonella grow 
in a pH range of 4 to 9 with the optimum between 6.5 and 7.5. They require high water 
activity (aw) between 0.99 and 0.94 but can survive in foods at low aw, e.g. over 18 months 
in almonds and chocolate (Pittia and Paparella, 2016). Full growth inhibition occurs at 
temperatures below 7 °C, pH < 3.8 or aw < 0.94 (Adams et al., 2016), furthermore, they can 
survive in stress conditions with some adjustments (Veys et al., 2016). Salmonella enterica 
in their natural habitats predominantly grow as biofilms, rather than in planktonic mode 
(Giaouris et al., 2012). In addition, Soni et al. (2013) suggested that optimal temperature for 
biofilm formation of Salmonella is 22 °C. 
 
2.2.2 Sources of Salmonella contamination of fresh produce 
 
Over the last few years, foodborne outbreaks have been increasingly connected with fresh 
and minimally processed vegetables, which represent plants as important vectors to human 
hosts (Barak and Schroeder; 2012). Pathogenic microorganisms, such as Clostridium 
botulinum, Bacillus cereus, and Listeria monocytogenes, are natural inhabitants of soil, while 
Salmonella, Escherichia coli and Campylobacter reside in the intestinal tract and are 
released into environment through faeces (Igbinosa, 2015; Abadias et al., 2008; Olaimat and 
Holley, 2012). According to the fact that Salmonella can survive in soil from 7 to 25 weeks, 
humans normally acquire the disease from eating contaminated raw vegetables (Alegbeleye 
et al., 2018; Yaron and Römling, 2014). Lettuce can be contaminated by Salmonella during 
the whole life cycle (production, harvest, processing, storage, transportation and handling at 
home), and different sources of contamination (water, soil, composed manure, improper 
handling) can be involved (Kroupitski et al., 2009b). In detail, the pathogens can be 
transferred directly into surface water or animal feces are transported into the surface water 
following rain or flood events (Figure 3). Nonetheless, this contaminated water can be used 
for irrigation, which can cause outbreaks (Barak and Schroeder; 2012; Abadias et al., 2008). 
Once pathogenic bacteria have been presented into the lettuce surface, their natural tendency 
to adhere plays a role in the persistence and survival on fresh produce (Olaimat and Holley, 
2012; Lima et al., 2013; Alegbeleye et al., 2018).  
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Figure 3: Generic life cycle of Salmonella enterica (Barak and Schroeder, 2012). 
Slika 3: Generični življenjski cikel bakterije rodu Salmonella enterica (Barak in Schroeder, 2012). 
 
In the first production phase (production and harvest in the fields), soil, faeces, organic 
fertilizers, contaminated irrigation water with faeces, and poor hygienic conditions with 
human handling represent sources of pathogen. During processing period, in particular, 
during cutting, slicing or peeling of a vegetable, nutrients are released, thus facilitating the 
growth of bacteria that persist on food contact surfaces through the formation of biofilm 
(Harris et al., 2003). During storage, transportation and handling at home, refrigerated 
conditions for fresh vegetables should be guaranteed (usually between 1 and 5 °C) otherwise 
pathogenic bacteria could grow (Abadias et al., 2008). Kroupitski et al (2009b) found that 
population size of Salmonella remained constant under 4 °C, for 9 days. Moreover, 
consumers have to cope with hygienic handling of vegetable at home to prevent cross-
contamination (Olaimat and Holley, 2012).  
 
Redmond and Griffith (2003) reported alarming information that 81 % of consumers used 
the same cutting board for the preparation of both, raw meat and ready-to-eat foods. For this 
reason FDA (Food and Drug Administration) recommended washing cutting boards and 
knives with hot soapy water after preparing each food item and before using them for next 
food. Ravishankar et al. (2010) evaluated this recommendation and found out that hand-hot 
water and soup reduce the intimal S. Newport concentration for 4 log CFU/g. Washing with 
water only was not sufficiently effective. Analysis of outbreaks associated with identified 
sources of contamination showed that 20 % of the products were contaminated on farms, 
while the rest were associated with incorrect handling of the products after they left the farms 
(Yaron and Römling, 2014).  
Pathogens 
Pathogen reservoirs 
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2.2.3 Outbreaks of Salmonella associated with fresh lettuce 
 
In recent years, numbers of foodborne outbreaks associated with fresh produce are 
commonly recognized, being most frequently due to Salmonella and Escherichia coli 
O157:H7 (Warriner et al., 2009; Olaimat and Halley, 2012). In Table 1, the outbreaks of 
Salmonella linked to lettuce between 2001 and 2016 are presented. In EU countries, a total 
of 37 cases of salmonellosis outbreaks linked to the consumption of fresh produce have been 
reported between 2007 and 2011 (EFSA, 2013). In addition, data from EFSA in 2016 
revealed that incidence of foodborne outbreaks linked to fruits and vegetables increased in 
8.7 % compared to 2015 (EFSA, 2017). Cross-contamination through soil and water is an 
important issue associated with Salmonella in raw vegetable products (EFSA, 2017). 
Moreover, the short shelf-life of fresh vegetable produce represents the main problem 
(Alegbeleye et al., 2018). According to RASFF report (Rapid Alert System for Food and 
Feed), the majority of notifications for Salmonella in fresh vegetables originated from India 
(RASFF, 2016)  
 
Table 1: Lettuce related outbreaks with salmonellosis, between 2001 and 2016. 
Preglednica 1: Izbruhi salmoneloze, povezani s solato, med letoma 2001 in 2016. 
 






S. Anatum AUS 144 cases Wadamori et al., 2017 








Knoblauch, et al., 2015 
2014 Salads S. Singapore UK 4 cases Wadamori et al., 2017 
2013 Pre-washed and 
bagged salads 
S. Coeln NOR 26 cases Vestrheim et al., 2016 
2010 Lettuce S. Hvittingfoss USA 108 cases Foodborne Illness Outbreaks 
database, 2010. 
2008 Iceberg lettuce S. Newport, 
S. Reading 
FIN 107 cases 
 
Lienemann et al., 2011 
2005 Lettuce S. Typhimurium UK 96 cases Health protection agency, 2005 
2005 Lettuce S. Newport ESP / Taban and Halkman, 2011 
2005 Spanish lettuce S. Typhimurium  FIN, 
SWE 
60 cases Takkinen et al., 2005 
2004 Rucola lettuce 
and mixed 
salad 






Nygård et al., 2008 
2004 Lettuce S. Newport UK 368 cases Health protection agency, 2004 
2004 Lettuce S. Braenderup UK 40 cases Health protection agency, 2003 
2003 Iceberg lettuce S. Braenderup UK 29 cases Gajraj et al., 2012 
2001 Iceberg lettuce S. Newport UK 19 cases Little and Gillespie, 2008 
2001 RTE lettuce S. Newport UK 8 cases Fisher and O’Brien, 2001 
Legend: AUS – Australia, GER – Germany, UK – United Kingdom, NOR – Norwegian, SWE– Sweden, FIN – Finland 
DEN – Denmark, SUI – Switzerland; IT – Italy, /..….number not available. 
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2.3 ADJUSTMENTS OF Salmonella TO STRESS CONDITIONS  
 
Although Salmonella is an intestinal pathogen, it developed adjustments to live outside the 
host organisms and survives in stress conditions, such as nutrient limitation or low 
temperatures. Adjustments to stress conditions of Salmonella are reprogramming of the 
cellular metabolism to production of various surface proteins, transformation Salmonella 
cells into VBNC state (viable but non-culturable) and biofilm formation as the major 
adjustment (Kroupitski et al., 2009b; Spector and Kenyan, 2012; Shen and Fang, 2012). 
 
2.3.1  Reprogramming of cellular metabolism 
 
Lack of essential nutrients for bacterial cell, such as carbon (C), phosphate (P), and nitrogen 
(N) sources in their environment, and water loss thought evaporation results in 
reprogramming of cellular metabolism. This includes production of new substrates, different 
proteins and enzymes, such as extracellular cellulose, curli, O-antigen capsule (Spector and 
Kenyon, 2012). Furthermore, in difficult environmental conditions, disaccharide trehalose 
prevents proteins' denaturation and stabilises phospholipid membrane during drying 
(Spector and Kenyon, 2012).  
 
Barak et al. (2007) suggested that AgfD is the key factor in survival of Salmonella outside 
of host cells. In detail, thin aggregative fimbriae (tafi), O-antigen capsule, and cellulose 
synthesis contribute to plant attachment and colonization (Barak et al., 2007). 
 
2.3.2 VBNC cells 
 
The stress conditions, such as osmotic stress, oxidative stress, low/high temperatures and 
nutritional starvation cause Salmonella cells to enter the VBNC state, although remaining 
viable and capable of resuscitation under favourable conditions (Spector and Kenyon, 2012). 
The definition of VBNC state, defined as a stage in which a cell is metabolically active, but 
is incapable of undergoing cell division on growth media. Studies have demonstrated ability 
of VBNC cells to produce virulent factors, although it cannot be detected by standard culture 
on enriched agar medium (Ayrapetyan and Oliver, 2016; Morishige et al., 2013; Gupte et 
al., 2003). The presence of VBNC cells is cause for concern, due to the low dose of infection 
in several outbreaks (Yaron and Römling, 2014). 
 
2.3.3 Biofilm formation 
 
Biofilm formation is a highly organized ecosystem, in which genetic mechanisms and 
numerous factors are involved, such as adhesion of bacteria on the surface, production of 
extracellular substances and quorum sensing (Shi and Zhu, 2009; Harrison et al., 2005). In 
detail, biofilm is an assemblage of microorganisms immobilised in an extracellular matrix, 
typically containing extracellular polymeric substances (EPS). Moreover, biofilm matrix 
contains live and dead bacteria cells, polysaccharides, proteins, lipoproteins, DNA and lipids 
(Yang et al., 2017; Yaron and Römling, 2014). The major component of the biofilm is 
actually water 97% and bacterial cells make up to 35% of the dry weight (Yaron and 
Römling, 2014). A biofilm community can consist of single and/or multiple bacterial species 
(Rendueles and Ghigo, 2012). 
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The important role in its structure is the distribution of water channels and the exchange of 
nutrients, metabolites and waste products (Sauer et al., 2007). Being well organised systems, 
biofilms represent a response to unfavourable conditions of growth. Microbial biofilm can 
be formed on various parts of the lettuce, such as leaves, root surface and within intracellular 
















Figure 4: Biofilm formation steps (Harrison et al., 2005; Latasa et al., 2006). 
Slika 4: Stopnje tvorbe biofilma (Harrison in sod., 2005; Latasa in sod., 2006). 
 
Biofilm formation is a dynamic process, comprised of several stages, as depicted in Figure 
4:  
a) transport of planktonic cells to the surface from the liquid, 
b) cell adsorption at the surface (reversible or irreversible), 
c) beginning of EPS formation and production of molecules for cell-cell signalling, 
d) microcolony formation and secretion of chemical signals - quorum sensing, 
e) biofilm maturation, with production of EPS, DNA and surface proteins that encase the 
microcolony structure, 
f) biofilm removal by detachment or sloughing, 
g) planktonic cells can leave the biofilm to create new biofilm structures, 
h) biofilm formation by Salmonella through Scanning Electron Microscopy (Harrison et 
al., 2005; Latasa et al., 2006).  
 
2.3.3.1 Factors influencing the attachment of Salmonella on lettuce leaves 
 
Attachment step is the initial and at the same time the key factor for biofilm formation, 
dependable on bacteria and surfaces properties (Meireles et al., 2015; Fernandes et al., 2014). 
The survival of Salmonella on lettuce surface is determined by various factors, such as 
physiochemical properties of the leaf surface, properties of Salmonella serovars and 
environmental conditions (Hoagland et al., 2018; Lima et al., 2013; Alegbeleye et al., 2018). 
Furthermore, it is important to understand the interactions between microbes and plant-
microbe in the phyllosphere, which influence the adaptation, colonization, survival, growth 
and persistence of foodborne pathogens on produce (Alegbeleye et al., 2018).  
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Influence of Salmonella serovars properties 
 
Microbe-microbe interactions represent the ability of bacterial cells to communicate and 
move toward source of nutrients. Salmonella strains can detect available plant nutrients and 
use these signals to move actively toward plants for subsequent attachment. They possess 
specialised structures and systems, such as flagella, chemotaxis and quorum sensing 
(Steenackers et al., 2012; Hoagland et al., 2018). Berger et al. (2009) demonstrated that 
different Salmonella serovars use strain specific attachment mechanisms to attach on the 
lettuce surface. For example: flagella were seen linking S. Senftenberg to the epidermis of 
the leaf, and the deletion of the gene fliC led to significantly reduced adhesion level. On the 
other hand, deleting the same gene in S. Typhimurium did not effect attachment.  
 
In detail, Salmonella strains have different surfaces epitopes, such as curli, fimbriae, pili, 
and proteins in outer membrane, who aid attachment on plant surface (Warriner and Namvar, 
2010; Alegbeleye et al., 2018). The adhesion of bacterial cells to the surface can result in 
interactions forces, such as Waals forces, steric interactions, electrostatic interactions, thus 
this weakness of the bond represents reversible adhesion, and bacterial cells come off the 
surface. On the other hand, irreversible adherence represents chemical reactions between 
surface and bacteria cell (Garrett et al., 2008). 
 
Influence of physiochemical properties of the leaf surface 
 
Physicochemical properties of the lettuce leaves surfaces, such as architecture, topography, 
roughness, surface charge and hydrophobicity are very important in different microbial 
attachment (Lima et al., 2013; Fernandes et al., 2014). The architecture of the lettuce leafs, 
in detail quantity and composition of the waxes, age of the leave, type of lettuce, specific 
spots on the surfaces and sides, are dependent on initial attachment (Yaron and Römling, 
2014; Patel and Sharma, 2010; Lima et al., 2013). Furthermore, surface roughness and 
especially topographic characteristics, such as cracks and damaged tissue make it easier for 
the pathogens to attach (Alegbeleye et al., 2018). Finally, it is believed that hydrophobic 
interaction between lettuce surface and microbial cells plays a major role in facilitating this 
initial attachment phase (Fernandes et al., 2014). Patel and Sharma (2010) discovered that 
Salmonella serovars attach more strongly to lettuce than to cabbage, due to different surface 
morphologies. Furthermore, Van der Linden et al. (2016) investigated the morphology of the 
top region of the Iceberg lettuce leaf. They found out that Salmonella has higher affinity for 
the base of the lettuce leaf than to the top.  
 
Influence of environmental condition 
 
Environmental conditions, such as UV radiation, fluctuations of temperature and pH values, 
lack of water, and nutrient limitation make survival of microorganism in the phyllosphere 
difficult (Hoagland et al., 2018; Bartz et al., 2015). In addition, persistence of natural 
microbiota, especially lactic acid bacteria on lettuce surface is able to control pathogen 
growth (Wei et al., 2006). In rhizosphere, since natural bacteria are present in the roots in 
small concentration, the roots are easily accessible for the Salmonella strains (Klerks et al., 
2007). 
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2.3.3.2 Biofilm forming ability of Salmonella on vegetables 
 
Several studies have demonstrated the ability of Salmonella to form biofilm on different 
surfaces such as stainless steel (Chorianopoulos et al., 2010), glass (Kim and Wei, 2009), 
plastic (Stepanović et al., 2004), rubber (Arnold and Yates, 2009), marble and granite 
(Rodrigues et al., 2011). Particularly, although Salmonella can adhere in higher numbers to 
more hydrophobic materials (such are rubber and plastic) than hydrophilic materials (Sinde 
and Carballo 2000), it has also formed biofilm on vegetable, including lettuce (Takeuchi et 
al., 2000; Lapidot et al., 2006; Igbinosa, 2015). In detail, studies have been carried out with 
different vegetables: Iceberg and Romaine lettuce, cabbage, spinach, parsley, celery, alfalfa 
sprouts, cantaloupes and tomato (Igbinosa, 2015; Kroupitski et al., 2009b; Patel and Sharma, 
2010; García-Heredia et al., 2013; Vandamm et al., 2013; Iturriaga et al., 2003).  
 
Microbial biofilms were observed on various parts of plants: on leaves surfaces, roots and 
within intracellular spaces of plant tissues (Hoagland et al., 2018). As a benefit, bacterial 
cells in a form of biofilm are protected from desiccation, UV radiation, chemicals, 
antibiotics, components of the plant immune system and from antimicrobial compounds 
produced by plant or by microorganisms (Yaron and Römling, 2014; Garrett et al., 2008).  
 
Salmonella have several different proteins and exopolysaccharide to form biofilm matrix. 
Curli, BapA, cellulose, colonic acid and O-antigen capsule (Yaron and Römling, 2014). It 
has been reported that biofilm formation of Salmonella was maximal under reduced 
availability of nutrients, low osmolarity, aerobic conditions and mild temperatures (25-28 
°C) (Yaron and Römling, 2014). Stepanović et al. (2003) showed that the amount of 
Salmonella biofilm was higher after 24 h at 30 °C than that formed at 37 °C or ~ 22 °C. 
 
2.3.3.3 Hydrophobicity  
 
Many surface properties of bacteria, such as cell surface hydrophobicity, are related to the 
adhesion ability and this characteristic together with the biofilm formation ability plays a 
role in the survival of pathogens (Choi et al., 2015). On the other hand, hydrophobic 
components of the microbial outer membrane influence their adhesion through physio-
chemical interactions (Silva et al., 2016). Moreover, fimbriae may contribute to cell surface 
hydrophobicity and attachment, due to the high portion of hydrophobic amino acids residues 
that they contain (Cloete et al., 2009). In detail, the adherence process is thermodynamic and 
absence of water on the lettuce surface results in attachment of Salmonella cells. This can 
occur between hydrophilic or hydrophobic surfaces or two hydrophilic surfaces (Lima et al., 
2013). Furthermore, components in EOs effect on hydrophobicity, which can cause 
depolarization or increased permeability of the cell membrane and affect mobility of the 
bacterial cell (Calo et al., 2015). 
 
2.4 DECONTAMINATION OF VEGETABLE SURFACE WITH SANITIZERS 
 
The current approach to food safety is conceptually based on the absence (or reduced 
presence) of foodborne pathogens in processed and unprocessed foods for human 
consumption, as required by the European Union Regulation (EC) 2073/2005 (Commission 
regulation, 2005). The main goal of the sanitizer’s treatment of fresh produce is to reduce 
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pathogen microorganisms to levels considered safe, based on established parameters without 
negatively affecting the product or human health. Washing only with water, which is 
traditional home technique applied by fresh produce to reduce the bacterial loads, is not an 
effective method, and results indicated reduction by < 1 log CFU/g (Ssemanda et al., 2018; 
Millan-Sango et al., 2017). On the other hand, the most effective sanitizing method reported 
so far is washing with chlorinate solution, and namely hypochlorous acid (HOCl), known as 
free chlorine (Nou et al., 2011).  
 
The most important feature of sanitizers is that they must be efficient, safe and easy to 
handle. They should be removed easily from surfaces using water and leave no residue in 
the final product which can affect the consumer (Merino et al., 2019).  
 
2.4.1 Conventional used sanitizers in fresh produce 
 
During vegetables processing, there is no inactivation treatment able to assure the eradication 
of Salmonella, so washing with various sanitizers is usually used. Fresh cut industry usually 
uses sanitizers, based on acidified sodium chlorite, peroxyacetic acid, ozone, and chlorine 
dioxide (Nou et al., 2011). Chlorinate solution, in detail sodium hypochlorite is the most 
conventional approach due to minimal impact on the nutritional and aesthetic quality of the 
product. Furthermore, low cost, easy to use, and reasonably effective placed chlorinate 
solution to the most conventional approach (Lopez-Galvez et al., 2013). Nevertheless, this 
treatment has limited effectiveness, being able to reduce the pathogens count of less than 1 
log CFU/mL (Yaron and Römling, 2014) and can develop chlorinated organic compound 
with potential negative impacts on human health (García-Heredia et al., 2013).  
 
In a study by Pezzuto et al. (2016), 20 producers of ready-to-eat vegetables were interviewed. 
Their most commonly used processes for industrial vegetable decontamination were: 
washing in a solution of sodium hypochlorite, followed by rinsing with tap water; and 
another one: washing in a solution of peracetic and percitric acids, followed by rinsing with 
tap water. The exact concentration of used sanitizers was not revealed, but results in the 
laboratory showed that washing with sodium hypochlorite (200 mg/L) was the only effective 
method, with significant 2 log reduction of Salmonella counts. In addition, these results are 
relevant only in the case of high initial pathogen contamination, which presents a serious 
risk for foodborne outbreak (Pezzuto et al., 2016). Bachelli et al. (2013) evaluated the 
suitability of chlorine dioxide, peracetic acid and ozonated water as alternative sanitizers to 
sodium hypochlorite. However, some of these chemicals may generate the formation of by-
products (and some of them are potentially carcinogenic) or contribute to the development 
of antibiotic resistance in bacteria.  
 
Finally, conventional surface sanitation methods can reduce microbial load, but pathogens 
cannot be eliminated if they are present (Hyun Jung et al., 2016). Furthermore, due to the 
toxicological effect of synthetic pharmaceutical products, alternative, especially natural 
prevention and treatment options are required (Wang et al., 2018).  
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2.4.2 Alternative sanitizers 
 
Furthermore, current conventional sanitizer approach have negative impact to human health, 
therefore food industry are looking towards some novel and safer approaches for food 
preservation (Prakash et al., 2018). Current and prospective anti-biofilm strategy are 
sanitizers, natural antimicrobials (EOs), enzymes, quorum sensing inhibitors, nanoparticles, 
lactic acid bacteria and bacteriophages (Merino et al., 2019). Plant-derived essential oils are 
used in foods and beverages as flavouring agents and their antimicrobial activities make 
natural preservatives useful. Scientific literature over the past years revealed that EOs and 
their bioactive compounds exhibited strong efficacy against foodborne bacteria, moulds and 
oxidative deterioration. García-Heredia et al. (2013), reported significantly better reduction 
of the pathogenic Salmonella in parsley at higher number with citrus-based disinfectants 
than chlorine solution. 
 
2.5 ESSENTIAL OILS 
 
In general, EOs are the volatile hydrophobic compounds of the secondary metabolism of 
aromatic plants, extracted from their various parts. Primarily EOs play a role in plant 
protection as response to the plant immune system, but nowadays they are increasingly used 
in food and cosmetic industry to extend shelf life of unprocessed products by reducing the 
microbial growth rate or viability (Calo et al., 2015; Bakkali et al., 2008; Tiwari et al., 2009; 
Bajpai et al., 2012). The composition of EOs represents a complex mixture of low molecular 
weight compounds, depending on the season of harvest, plant materials, distilled part of plant 
and extraction method (Hyldgaard et al., 2012; Wang et al., 2017). 
 
2.5.1 Properties of EOs 
 
Several studies reported biological activities of EOs like antioxidant (Baj et al., 2018), 
antimicrobial, anti-biofilm and anti-adhesion activities (Miladi et al., 2016; Kurinčič et al., 
2016). Studies have demonstrated greater effect of EOs against Gram-positive bacteria than 
Gram-negative bacteria (Kim et al., 2011), due to the direct interaction of the cell membrane 
with hydrophobic components of the EOs. On the other hand, some studies suggested that 
the growth of Gram-negative bacteria is only delayed, and after prolonged time the EOs 
would have the same effect on both Gram-negative and Gram-positive bacteria (Deans and 
Ritchie 1987; Tassou et al. 2000). In the concentration range 0.05–0.1 %, EOs have shown 
antimicrobial activity in food systems against pathogens such as S. Typhimurium, L. 
monocytogenes, S. aureus, E. coli O157:H7 and B. cereus (Burt, 2004). In the tomato model, 
the potential of EO volatiles against Salmonella species has been evaluated. The results of 
the study confirmed that EO compounds, such as carvacrol, trans-cinnamaldehyde and 
eugenol reduced microbial load of target pathogens to a limit of approximately 6.0 log10 
CFU / mL (Mattson et al., 2011). Furthermore, Yossa et al. (2013) determined that the effect 
of EOs (800 ppm Cinnamaldehyde) is comparable to that of 5 ppm of free chlorine in 
reducing Salmonella population on Iceberg lettuce, during storage time. 
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2.5.2 Mode of action EOs 
 
Antimicrobial activity of EOs depends on their chemical composition and the quantity of the 
individual components. Their antimicrobial activity is not due to a unique mechanism, but 
rather a cascade of reactions involving the entire bacterial cell (Nazzaro et al., 2013). 
Mechanisms of action are still not completely understood, so far it is known that they are 
most likely impaired to the cell growth (Calo et al., 2015; Hyldgaard et al., 2012). Some 
studies have reported the influence of antimicrobial compounds of EOs on cell wall 
degradation, damage to cytoplasmic membranes and membrane proteins, cell leaking, 
cytoplasm coagulation, and depletion of the proton motive force (Cetin-Karaca and 
Newman, 2015). In detail, components in EOs affect hydrophobicity, which can cause 
depolarization or increase permeability of the cell membrane, thus affecting mobility of 
bacterial cells (Calo et al., 2015).  
 
Furthermore, components of EOs can contribute to deactivation of signalling molecules 
AHL-s, to affect the initial attachment step and consequently decrease biofilm formation 
(Zhang et al., 2018). So far, only a few studies have developed techniques for intervention 
and food preservation based on the anti-quorum sensing properties of EOs (Zhang et al., 
2018). In a study by Miladi et al. (2016), it was observed that Savory and Red Thyme EOs 
have greater antibiofilm, anti-adhesive and antimicrobial properties compared to rosemary 
essential oil against Salmonella strain, due to differences in chemical composition. 
 
2.5.3 Bioactive compounds of tested essential oils 
 
Essential oils are mixtures of several bioactive components, with 20-60 different 
constituents. Two or three components are major and are represented at high concentration 
(20-70 %), and others components are presented in trace amounts (Bakkali et al., 2008). In 
general, each component has different antimicrobial effect on the bacterial cells, depending 
on concentration and chemical structure of the functional group. Furthermore, the major 
components determine biological properties of the essential oils. Although the individual 
components of EOs are important, we have to pay attention on the synergistic effect of lower 
component with the major one, which can result in a greater antimicrobial activity (Bajpai 
et al., 2012; Tiwari et al., 2009; Wang et al., 2017).  
 
Terpenoids and phenylpropenes with the most active phenols are the major actors of 
antimicrobial effect of EOs, although some aldehydes and non-phenolic compounds also 
have some antimicrobial activity (Hyldgaard et al., 2012). 
 
2.5.3.1 Phenolic compounds 
 
Phenols constitute the largest and the most diverse group of plants' secondary metabolites, 
known as the most effective one (Hyldgaard et al., 2012). Chemically, phenolic compounds 
have an aromatic ring with one or more hydroxyl substituents (-OH), where the number, 
position of these substituents and the saturated side-chain length influence the antimicrobial 
potential (Cetin-Karaca and Newman, 2015). Several studies reported their antioxidant and 
anti-microbial effect, furthermore, prevention against cardiovascular diseases, cancer and 
diabetes (Cong-Cong et al., 2017; Chen et al., 2014; Louis et al., 2014; Casado-Diaz et al., 
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2016). Ugurlu et al. (2016) in their study investigated the effect of phenolic compounds on 
biofilm formation. They confirmed about 50 % decrease of biofilm production and swarming 
motility in Pseudomonas aeruginosa isolates.  
 
Phenolic compounds are classified into two main groups: the flavonoids and the non-
flavonoids. The main subgroup includes flavonoids, phenolic acids and tannins (Cong-Cong 
et al., 2017). Flavonoids are the most numerous of the phenolics and have antimicrobial 
activity, with multiple cellular targets of action (Crozier et al., 2006; Miceli et al., 2009). In 
the study, Cetin-Karaca and Newman (2015) provide an evidence for high potential use of 
phenolic compounds in food safety for extended storage time (shelf life). 
 
2.5.3.2 Terpenes and terpenoids 
 
Terpenes are group of several isoprene units (C5H8), most common are monoterpenes 
(C10H16) and sesquiterpene (C15H24). They represent the group of constituents with low 
antimicrobial activity (Hyldgaard et al., 2012). In the study of Bagamboula et al. (2004), p-
cymene showed no antimicrobial activity against Gram-negative pathogen, even in high 
concentration. On the other hand, when oxygen is added on terpenoids and methyl groups 
moved or removed, antimicrobial activity was increased, however not against pathogenic 
bacteria. Antimicrobial activity is linked to their functional groups, especially hydroxyl 
groups, which affect bacterial membranes and could cause cell death. 
 
Well-known terpenes include alcohols (borneol), aldehydes, ketones (thujone), esters 
(linalyl acetate), ethers (1.8-cineole), peroxides and phenols (thymol, carvacrol). Carvacrol 
and thymol represent major components of EOs of Origanum vulgare and Satureja montana 









Figure 5: Terpenoids belong to the group of phenols (carvacrol and thymol) (Bakkali et al., 2008). 
Slika 5: Terpenoidi spadajo v skupino fenolov (karvakrol in timol) (Bakkali in sod., 2008). 
 
2.5.3.3  Phenylpropenes 
 
This group of EOs, contains a six-carbon aromatic phenol group and a three-carbon propene 
tail from cinnamic acid. The phenylpropenes represent the small part of essential oils, despite 
their free hydroxyl groups in chemical structure, have an important role in antimicrobial 
activity against pathogens. The most studied phenylpropenes are eugenol, isoeugenol, 
cinnamaldehyde, vanillin, and safrole. The antimicrobial activity of phenylpropenes depends 
on the type and number of aromatic ring substitutions, in particular the presence of free 
hydroxyl groups. Interestingly, eugenol and isoeugenol exhibit higher activity against Gram-
negative bacteria than against Gram-positive bacteria (Hyldgaard et al., 2012; Nazzaro et al., 
2013).  
Carvacrol Thymol 
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Figure 6: Aromatic compounds divided in groups (aldehyde, methylene dioxy compounds and phenol) 
(Bakkali et al., 2008). 
Slika 6: Komponente arome so razdeljene v skupine (aldehidi, metilen dioksi spojine ter fenoli) (Bakkali in 
sod., 2008). 
 
2.5.4 Composition of EOs 
 
The composition of EOs represents a complex mixture of low molecular weight organic 
compounds, depending on the season of harvest, part of the plant and extraction method 
(Tiwari et al., 2009; Hyldgaard et al., 2012; Wang et al., 2017). Phenolic compounds, 
terpenes, terpenoids, phenylpropenes, aliphatic alcohols, aldehydes, ketones and ethers are 
the main EOs components with antimicrobial effects found in plants (Tiwari et al., 2009; 
Hyldgaard et al., 2012; Prakash et al., 2018). In table 2, the chemical composition of eight 
essential oils are present. 
 
Table 2: Chemical composition (%) of the EOs obtained from clove (Caryophyllus aromaticus), cinnamon 
(Cinnamomum zeylanicum), oregano (Origanum vulgare), rosemary (Rosmarinus officinalis), sage (Salvia 
officinalis), clary sage (Salvia sclarea), savory (Satureja montana), red thyme (Thymus vulgaris), determined 
by GC-MS. 
Preglednica 2: Kemijska sestava (%) eteričnih olj (EOs) pridobljeni iz nageljnovih žbic (Caryophyllus 
aromaticus), cimeta (Cinnamomum zeylanicum), origana (Origanum vulgare), rožmarina (Rosmarinus 
officinalis), žajblja (Salvia officinalis), muškatne kadulje (Salvia sclarea), kraškega šetraja (Satureja montana), 
timijana (Thymus vulgaris), s pomočjo GC-MS. 
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Continued Table 2. Chemical composition (%) of the EOs obtained from Clove (Caryophyllus aromaticus), 
Cinnamon (Cinnamomum zeylanicum), Oregano (Origanum vulgare), Rosemary (Rosmarinus officinalis), 
Sage (Salvia officinalis), Clary sage (Salvia sclarea), Savory (Satureja montana), Red Thyme (Thymus 
vulgaris), determined by GC-MS. 
Nadaljevanje preglednice 2. Kemijska sestava (%) eteričnih olj (EOs) pridobljeni iz nageljnovih žbic 
(Caryophyllus aromaticus), cimeta (Cinnamomum zeylanicum), origana (Origanum vulgare), rožmarina 
(Rosmarinus officinalis), žajblja (Salvia officinalis), muškatne kadulje (Salvia sclarea), kraškega šetraja 
(Satureja montana), timijan (Thymus vulgaris), s pomočjo GC-MS. 
 
Plant species Main components % Reference 
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2.5.5 Cinnamomum zeylanicum essential oil 
 
Cinnamon is a member of the genus Cinnamomum in Lauraceae family. Furthermore, it has 
been used worldwide as a popular spice for thousands of years. The four most commonly 
used species of this family are Cinnamomum zeylanicum, Cinnamomum loureirii, 
Cinnamomum burmanni, and Cinnamomum aromaticum. Essential oils have been extracted 
from various parts of plants, the most commonly from barks and leaves (Hajimonfarednejad 
et al., 2019; Vasconcelos et al., 2018). Cinnamomum zeylanicum EOs (EOC), extracted from 
a bark of Cinnamomum trees, typically contains 90 % of aldehydes (76.2 % trans-
cinnamaldehyde, 12 % cinnamaldehyde (o-methoxy) and 3.5 % cinnamyl acetate) and a 









Figure 7: Structures of the main compounds of Cinnamomum zeylanicum EO: trans-cinnamaldehyde, o-
methoxy cinnamaldehyde, cinnamyl alcohol, benzyl benzoate, eugenol, coumarin and cinnamic acid 
(Gunawardena et al., 2015). 
Slika 7: Strukture glavnih komponent Cinnamomum zeylanicum EO: trans cimetni aldehid, o-metoksi cimetni 
aldehid, cimetni alkohol, benzil benzoat, evgenol, kumarin in cimetna kislina (Gunawardena in sod., 2015).  
Benzyl benzoate 
o-methoxy cinnamaldehyde 
Cinnamyl alcohol trans-cinnamaldehyde 
Coumarin Eugenol Cinnamic acid 
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Biological activities of cinnamon EOs compounds, such as antimicrobial, anti-adhesion, 
anti-quorum sensing effect and antibiofilm formation has been reported (Vasconcelos et al., 
2018). Mazzarrino et al. (2015) have shown broad spectrum of antibacterial activity against 
Gram-negative and Gram-positive strains. Strong activity against Listeria monocytogenes 
(MIC 0.6 µL/mL) and lower efficacy against Salmonella strains (MIC 2.5 µL/mL) was 
confirmed. High antimicrobial activity can be attributed to the main component, trans-
cinnamaldehyde, with 76.2 % (Unlu et al., 2010). 
 
Trans-cinnamaldehyde and methoxycinnamaldehyde have antimicrobial effect, whereas 
coumarin, cinamyl acetate and benzaldehyde were shown to have low or no antibacterial 
effect. The mechanism of trans-cinnamaldehyde action include reduce of biofilm formation 
by the inhibition of synthesis cellulose, flagellar formation and function and cell-to-cell 
signalling through reduced gene expression (Vasconcelos et al., 2018). 
 
It was proposed that cinnamaldehyde and eugenol inhibit production of essential bacterial 
enzyme and cause damage to the bacterial cell wall (Unlu et al., 2010). Di Pasqua et al. 
(2007) showed the effect of cinnamaldehyde on cell wall degradation for Escherichia coli 
O157:H7, Staphylococcus aureus, Salmonella Typhimurium and Pseudomonas fluorescens. 
In addition, Silva et al. (2018) reported that cinnamaldehyde reduced the number of attached 




For fresh, leafy green lettuce the appearance including leaf colour, brightness, absence of 
defects and odour represent the main acceptance parameters that consumers take into 
account when deciding to purchase it (Goñi et al., 2013). Browning is one of the major 
problems of fresh-cut produce during handling, processing and storage after harvest, due to 
involvement of three important enzymes: polyphenol oxidase (PPO), peroxidase (POD), and 
phenylalanine ammonia lyase (PAL) (Altunkaya et al., 2011; Chen et al., 2017).  
 
Various approaches are currently being implemented to prevent tissue browning of fresh- 
cut products by inhibiting the activity of these three enzymes in order to preserve the intrinsic 
quality of lettuce. These approaches are usually limited by their single-action or sensory 
impairing properties. Thus, identification of safe anti-browning agents is required. EOs 
represent the potential strategy to reduce the browning speed in fresh lettuce, due to their 
chemical composition (Chen et al., 2017). 
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3 MATERIALS AND METHODS 
 












































Figure 8: A schematic presentation of the methods used in this study. 
Slika 8: Shematski prikaz metod, ki smo jih uporabili pri delu. 
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3.2.1 Bacterial strains 
 
In our study, we used six different Salmonella serovars isolated from the fresh fruits and 
vegetables (Table 3). They were serotyped with commercial antisera according to the 
Kauffman-White scheme by slide agglutination (Grimont and Weill, 2007) at the Istituto 
Zooprofilattico Sperimentale dell'Umbria e delle Marche, Italy. For determination of 
Salmonella attachment on lettuce, a cocktail of S. Kasenyi, S. Veneziana, and S. Napoli was 
used (marked bold in Table 3). 
 
Table 3: Salmonella serovars used in this study. 
Preglednica 3: Serovari bakterij rodu Salmonella, ki smo jih uporabili pri delu. 
 




Salmonella Derby fresh fruit and vegetables Italy ŽM 484 
Salmonella Thompson fresh fruit and vegetables Italy ŽM 485 
Salmonella Napoli fresh fruit and vegetables Italy ŽM 482 
Salmonella Typhimurium fresh fruit and vegetables Italy ŽM 483 




escarole endive (C. intybus L. var. Milano), 
round chicory (Cichorium intybus L.) 
Italy ŽM 487 
 
3.2.2 Culture media 
 
All media for cultivation of Salmonella strains were prepared according to the 
manufacturer's instructions. The liquid media were stored in bottles, and the solid ones were 
poured into Petri dish plates (20 mL each). Cooled media (solid and liquid) were stored in 
refrigerator at 4 °C, until use.  
 
- Plate Count Agar 
 
Solid plate count agar (PCA) medium was made with dissolving of 17.5 g of PCA powder 
and 15 g of agar in 1000 mL dH2O (Table 4). Prepared mixture was sterilised by autoclaving 
for 20 min at 121 °C. Medium was poured aseptically into Petri plastic dishes once cooled 
to 45 °C. 
 
- Tryptic Soy Agar 
 
Solid tryptic soy agar (TSA) medium was made with dissolving of 30 g of TSB powder and 
15 g of agar in 1000 mL dH2O (Table 4). The medium was sterilised by autoclaving for 20 
min at 121 °C. Prepared mixture was poured aseptically into Petri plastic dishes once cooled 
to 45 °C and stored in plastic bags at room temperature until use. 
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- Tryptic Soy Broth  
Liquid tryptic soy broth (TSB) medium was made with 15 g of TSB powder dissolved in 
500 mL of dH2O (Table 4). The medium was sterilised by autoclaving for 20 min at 121 °C 
and stored in plastic bag at room temperature until use. 
 
- Diluted Tryptic Soy Broth TSB (1:10) 
 
Liquid TSB (1:10) medium was made with 0.15 g of TSB powder dissolved in 50 mL of 
dH2O. Liquid medium was sterilised by autoclaving at 121 °C for 20 min and stored at 
refrigerator at 4 °C, until use.  
 
- Xylose Lysine Deoxycholate  
 
Liquid xylose lysine deoxycholate (XLD) medium was made with 10.6 g of XLD powder 
and dissolved in 200 mL dH2O (Table 4). The medium was sterilised by heating on magnetic 
stirrer with magnetic stir bar, until boiling or until 150 °C. It was aseptically poured into 
disposable plastic Petri dishes once cooled to 45 °C, and stored in plastic bag at room 
temperatures until use. 
 
- Preparation of TSB medium plus TTC 
 
15 g of TSB were dissolved in 475 mL of dH2O and autoclaved at 121 °C for 20 min. 0.05 
g of TTC (2,3,5-triphenyl tetrazolium chloride) were separately dissolved in 25 mL of dH2O, 
filtered (pore size 0.2 µL) in cooled TSB medium. The medium was stored in a refrigerator 
at 4 °C, until use. 
 
Table 4: Name of medium, manufacturer, ingredients, and chemical properties of media used in this study. 










Italy); Agar (Liofilchem, 
Italy) 
dH2O, agar pancreatic digest of casein, 
sodium chloride, papaic digest of soy bean, 
glucose monohydrate, dipotassium 
phosphate 
pH 7.3 ± 0.2 
at 25 °C 
TSB Oxoid Thermofisher, Rodano, Italy 
dH2O, pancreatic digest of casein, sodium 
chloride, papaic digest of soy bean, 
glucose monohydrate, dipotassium 
phosphate 
pH 7.3 ± 0.2 
at 25 °C 
XLD Biolife, Milano, Italy 
dH2O, agar, lactose, sucrose, sodium 
thiosulfate, sodium chloride, L-lysine, 
yeast extract, xylose sodium 
desoxycholate, ferric ammonium citrate 
pH 7.4± 0.2 




Italy), Agar (Liofilchem, 
Italy) 
dH2O, agar, casein enzymic hydrolysate, 
yeast extract, dextrose 
pH 7.0 ± 0.2 
at 25 °C 
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3.2.3 Laboratory equipment  
 
Stomacher bag ClearLine-Biosigma, Italy 
Glass tubes Diagramma, Italy 
Plastic loops Diagramma, Italy 
Cuvettes STARSTEDT, Germany 
Filters 0,2 µm Sartorius, Germany 
Automatic pipets Eppendorf, Hamburg, Germany 
15 and 50 mL tubes Corning, New York, USA 
Centrifuge Alc International, Milan, Italy 
Microtiter plates polisterene STARSTEDT, Germany 
Microtiter plates PVC Sigma Aldrich, Nemčija 
Incubator Termarks, Milan, Italy 
Homogenizer Seward medical, UK 
Refrigerator Hotpoint Ariston, Italy 
Freezer Thermofisher, Milan, Italy 
Autoclave Pbi International, Milan, Italy 
Biological safety cabinet Blueair srl, Capsiolo, Italy 
Analytical balance Mettler Toledo, Greifensce, Switzerland 
Vortex VELP Scientifica, Usmate, Italy 
Microcentrifuge tubes Eppendorf, Germany 
Spectrophotometer Jenway co, Dunmow-Essex, UK 
Sonicator Liarre, Casalfiumanese, Italy 
Microplate reader Biolog Inc., Hayward, USA 
Magnetic stir bars Diagramma, Italy 
Magnetic stirrer Falc Instruments Srl, Treviglio, Italy 
OmniLog Biolog Inc., Hayward, USA 
Minolta CR-100 colorimeterʹ reflectance 
spectrophotometer 
Minolta Camera Co., Osaka, Japan 




Glycerol Carlo Erba Reagents, Milan, Italy 
0, 1 % Crystal violet solution,  Sigma-Aldrich, Milan, Italy 
30 % Glacial Acetic acid,  Carlo Erba reagents, Italy 
99 % Hexadecane ReagentPlus®,  Sigma-Aldrich, Milan, Italy 
Tween 80 (1 %) Sigma-Aldrich, Milan, Italy 
ammonium sulphite Sigma-Aldrich, Milan, Italy 
96 % Ethanol Sigma-Aldrich, Milan, Italy 
xylene Sigma-Aldrich, Milan, Italy 
TTC (2,3,5-triphenyl tetrazolium chloride) Sigma-Aldrich, Milan, Italy 
NaCl Liofilchem, Italy 
KCl Sigma-Aldrich, Milan, Italy 
Na2HPO4 x H20 Sigma-Aldrich, Milan, Italy 
KH2PO4 Sigma-Aldrich, Milan, Italy 
Buffered peptone water (BPW) Oxoid Thermofisher 
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• Phosphate buffer saline (PBS), 50 mM 
 
For preparation of 50 mM pH 7.0 PBS solution, various quantities of salts from Table 5, 
were dissolved in 500 mL of dH2O. Volume was then filled up to 1000 mL with dH2O. 
Prepared solution was autoclaved for 20 min at 121 °C and stored at room temperature until 
use. 
 
Table 5: Preparation of Phosphate buffer saline. 
Preglednica 5: Priprava fiziološke raztopine. 
 
Salt Quantity 
NaCl 8.0 g 
KCl 0.2 g 
Na2HPO4 x H20 1.44 g 
KH2PO4 0.24 g 
 
• Physiological saline (9 g NaCl in 1L dH20) 
 
3.2.5 Preparation of essential oil solution (EO) 
 
We investigated essential oils derived from the plant of Caryophyllus aromaticus, 
Cinnamomum zeylanicum, Origanum vulgare, Rosmarinus officinalis, Salvia officinalis, 
Salvia sclarea, Satureja montana and Thymus vulgaris. Distilled part and the providing 
company of the eight EOs are described in Table 6. For this study, commercial, food grade 
EOs were selected in order to obtain results relating to standardized oils available to industry 
and consumers. 
 
Table 6: List of eight essential oils studied: plant species, common name, distilled part and providing 
companies. 
Preglednica 6: Seznam osmih uporabljenih eteričnih olj: rastlinska vrsta, splošno ime, destilirani deli in 
podjetje. 
 
Plant species Common name Distilled part Company 
Caryophyllus aromaticus Clove Flower Zuccari srl, Trento, Italy 
Cinnamomum zeylanicum Cinnamon Bark Zuccari srl, Trento, Italy 
Origanum vulgare Oregano Leaf Zuccari srl, Trento, Italy 
Rosmarinus officinalis Rosemary Whole plant Flora, Lorenzana, Italy 
Salvia officinalis Sage Leaf Zuccari srl, Trento, Italy 
Salvia sclarea Clary sage Leaf, flower Flora, Lorenzana, Italy 
Satureja montana Savory Whole plant Flora, Lorenzana, Italy 
Thymus vulgaris Red Thyme Whole plant Flora, Lorenzana, Italy 
 
The essential oil solutions (EOs) were prepared with 240 µL of commercial, food-grade EOs 
(8 %), dissolved in 2.7 mL sterile PBS, for better dispersion 60 µL of 1 % Tween 80 were 
added, to reach the initial concentration of 5 µL/mL. Solutions were vortexed for 3 minutes 
and filtered (pore size 0.2 µL) to provide greater efficiency of the EOs solution. All the work 
was done in a class II biosafety cabinet. Prepared EOs were stored at the temperature of 4-6 
°C in dark conditions. Essential oils, used in experimental work, are presented in Table 6. 
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3.3.1 Microbial strains revitalization  
 
Salmonella strains were obtained from stock cultures maintained at -80 °C in cryovials in 20 
% v/v glycerol/tryptic soy broth. All strains were cultivated on TSB at 37 °C, and stored at 
4 °C on tryptic soy agar slants. At the same time, we cultivated all strains on chromogenic 
XLD medium, where Salmonella species coloured black. 
 
3.3.2 Inoculum preparation 
 
The inocula were prepared with overnight broth cultures (early stationary growth phase) of 
individual Salmonella serovars grown in TSB (18 h, 37 °C), harvested by centrifugation at 
13000 rpm for 5 min, then washed three times with sterile PBS 50 Mm, pH 7.0, and finally 
resuspended in 1 mL of the same solution.  
 
Optical density (OD) represent the spectrophotometric measurement of light dispersed at a 
specific wavelength by a suspension, usually used for determination of biomass 
concentration in a suspension (Contoi, 1959). We use optical density for monitoring the 
growth of a microorganism culture. The inoculum was standardized preparing a solution 
with optical density at 600 nm (OD600) amounting to 0.1 – 0.2, then diluting it with sterile 
PBS to obtain a number around 5 х 107 cells/mL.  
 
The inoculum size was confirmed by means of plate counts on PCA at 37 °C, for 24 h. 
Inocula were standardized at about 5 x 105 cells/mL, and 5 x 107 cells/mL in growth media. 
 
3.3.3 Evaluation of biofilm formation 
 
Biofilm-forming ability of Salmonella strains was measured in 96-well polystyrene and 
polyvinyl chloride (PVC) microplates. Each strain was tested in 5 replicates after inoculation 
of a standardized culture (105 cells/mL and 107 cells/mL) in standard and diluted (1:10) TSB 
medium. Negative control wells contained sterile TSB. Samples (200 µL) were dispensed 
into wells, and the microplates were incubated at 8 °C and 37 °C for 24, 48 and 72 hours. 
After incubation time, 200 µL of culture were completely removed by aspiration, and the 
microplates were rinsed three times with deionized water. Excessive moisture was removed 
by tapping the microplates on sterile napkins, and the plates were dried for 15 min in a safety 
cabinet. Then, biofilm formation was quantified by crystal violet assay. In detail, the wells 
were stained with 200 µL of 0.1 % crystal violet solution at room temperature for 30 min, 
then the microplates were washed with deionized water. After drying, crystal violet was 
solubilized in 250 µL of 30 % glacial acetic acid. Five optical density values at 590 nm 
(OD590) were obtained for each strain and were used to calculate mean values and standard 
deviation.  
 
3.3.4 Cell surface hydrophobicity determination 
 
For the Microbial Adhesion to Hydrocarbon (MATH) assay, Salmonella strains were grown 
overnight on TSA at 8 °C and 37 °C, scraped off from the agar plates, collected by 
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centrifugation at 5000 g for 5 min, washed three times with PBS and adjusted to OD600 of 
1.0 with sterile PBS or ammonium sulphate (AS) and PBS. The cells were then transferred 
into the microtitre plate (200 µL each well) and the optical density was measured at 590 nm 
(Ai). The resulting turbid, aqueous suspension of washed microbial cells was mixed by 
vortexing for 1 min in the presence of hexadecane in the ratio 7:1, and then allowed to stand 
for 20 min at 37 °C. After the separation of the two phases, the optical density of the aqueous 
phase was measured (Af). The percentage of adhering cells was determined by the decrease 
in optical density (Ai) of the original cell suspension. The relative Cell Surface 
Hydrophobicity (CSH) of the strains was determined as: 
 
CSH	 =




Ai…..initial optical density 
Af…..final optical density of the buffer phase 
 
Salmonella strains were classified as described by Popovici et al. (2014) into three groups: 
highly hydrophobic, 67 % < CSH < 100 %; moderately hydrophobic, 33 % < CSH < 67 %; 
hydrophilic, 0 % < CSH < 33 %. All experiments were carried out in triplicate and repeated 
in three independent sets of experiments. 
 
3.3.5 Determination of Minimal Inhibitory Concentration (MIC) 
 
The eight EOs were studied for MIC values according to the microdilution method. 
Previously prepared EOs solutions (described in 3.2.5) with starting concentration of 40 
µL/mL, diluted in microplates to 20 µL/mL, 10 µL/mL, 5 µL/mL, 2.5 µL/mL, 0.125 µL/mL, 
0.63 µL/mL, 0.31 µL/mL, 0.16 µL/mL, were used in the study. For each strain, we used two 
microplates, as described in the plan of work in Figure 9. In one plate, the inhibitory effect 
of different concentrations of Thymus vulgare, Satureja montana, Thymus vulgare and 
Salvia sclarea were tested. In another microplate, the inhibitory effect of Caryophyllus 
aromaticus, Origanum vulgare, Salvia officinalis and Cinnamomum zeylanicum were tested. 
In this experiment standardized inoculum at about 5 x 105 cells/mL of each strain was used. 
In detail, 100 µL of the sterile medium TSB plus TTC, were pipetted in all wells. Then, in 
the first column 100 µL of selected EOs solution were pipetted, and diluted with transfer of 
100 µL to adjacent wells. At the end, 100 µL of the inoculum of selected serovars were 
pipetted in the wells. For representative results, we have to consider controls for each strain 
- a positive (100 µL of TSB plus 100 µL inoculum) and a negative one (100 µL of sterile 
TSB). All tests were conducted in duplicates. To indicate respiratory activity, the presence 
of colour was determined by adding 0.01 % of TTC in TSB medium. The plates were 
incubated, automatically scanned and recorded every 15 min for 48 h by the OmniLog 
incubator/reader, at 37 °C. 
 
The lowest concentration of the tested EOs, which did not show any visual growth of tested 
organisms after incubation, was determined as MIC, which is expressed in µL/mL. A visual 
reading was based on a colour change and checked automatically with Omnilog reader, at 
specific time intervals (24 h, 48 h).   
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Figure 9: Plan of work for evaluation of inhibitory effect of the EOs obtained from red thyme (Thymus 
vulgaris), savory (Satureja montana), rosemary (Rosmarinus officinalis), clary sage (Salvia sclarea), clove 
(Caryophyllus aromaticus), oregano (Origanum vulgare), sage (Salvia officinalis) and cinnamon 
(Cinnamomum zeylanicum). The inocula were prepared from overnight broth cultures, with concentration 5 x 
105 CFU/mL. A positive (100 µL of TSB plus 100 µL inoculum) and a negative control (100 µL of sterile 
TSB) were considered for each strain.  
Slika 9: Načrt dela za določanje inhibitornega učinka EO timijana (Thymus vulgaris), kraškega šetraja 
(Satureja montana), rožmarina (Rosmarinus officinalis), muškatne kadulje (Salvia sclarea), nageljnove žbice 
(Caryophyllus aromaticus), origana (Origanum vulgare), žajblja (Salvia officinalis) in cimeta (Cinnamomum 
zeylanicum). Inokulum smo pripravili iz prekonočne kulture, s koncentracijo 5 x 105 CFU/mL. Za vsak sev 
smo upoštevali pozitivno (100 µL TSB plus 100 µL inokuluma) in negativno kontrolo (100 µL sterilnega TSB).  
[I] Negative control = TSB + TTC 
[J] Control of EOs = e.g. Thymus vulgare solution 
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3.3.6 Determination of inactivation and growth dynamics in Omnilog 
 
A turbidimetric analysis was conducted to evaluate growth dynamics and inactivation of 
strains in presence of various concentrations of EOs. As previously described in 3.3.4 the 
plates were automatically scanned and recorded by the OmniLog incubator/reader every 15 
min for two days. The scanning technology used by Omnilog records the spectrophotometric 
changes in colour change in the well as digital Omnilog units. Data were recorded using the 
same company OmniLog PM software, and then exported into Microsoft Excel Professional 
for further data processing. The values were expressed as mean of replicated growth curves 
analysed with a microplate reader, using the MicroStation System. 
 
3.3.7 Attachment of Salmonella cells to green lettuce leaves  
 
Three Salmonella serovars (S. Kasenyi, S. Veneziana and S. Napoli) were used in the study 
as a cocktail, and Cinnamomum zeylanicum essential oil (EOC) with concentration 5.0 
µL/mL, selected on previous tests, based on the most sensitive Salmonella strains to tested 
EOs and the most effective EOs. Number of colony-forming units per square centimetre and 
colony-forming units per millilitre are calculated according the equation below. 
 
CFU/456 =
average	 CFU plate x	volume	of	original	suspension
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3.3.7.1 Preparation of lettuce leaves  
 
Fresh Iceberg lettuce leaves were obtained from a local retail store in Mosciano SantʹAngelo 
(Italy). In the same day of purchase, lettuce leaves discs for the attachment test were 
prepared. In detail for each head of lettuce, the two outermost leaf layers were removed and 
discarded. The lettuce leaves were washed with 2 L of dH2O, and then disc-shaped pieces 





Figure 10: Lettuce samples. 
Slika 10: Vzorci solate. 
 
3.3.7.2 Preparation of EOC solution with concentration 5.0 µL/mL 
 
The 80 µL of commercial essential oil of Cinnamomum zeylanicum (4 %) was diluted in 1.9 
mL of sterile PBS and 20 µL of Tween 80, to reach the total concentration of 5.0 µL/mL. 
EOC solution was filtered-sterilized (pore size 0.2 µL).  
 
3.3.7.3 Preparation of cocktail of strains and Salmonella suspension 
 
Three Salmonella serovars (S. Kasenyi, S. Veneziana and S. Napoli), were standardized at 
about 5 x 107 cells/mL, and used in the study as a cocktail. The inocula were prepared as 
described in 3.3.2 (Inoculum preparation). In detail, 1.2 mL of each standardised strain was 
mixed with 46.5 mL PBS, to reach the inoculum concentration at about 5 x 107 cells/mL. A 
total of 10 mL of prepared inoculum and 990 mL of PBS was prepared for 1 L of Salmonella 
suspension. The inoculum size was confirmed by means of plate counts on XLD at 37 °C, 
for 24 h.  
2 cm 
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Figure 11: Schematic presentation of determing different types of Salmonella cells (non-attached, loosely and 
strong attached). 
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3.3.7.4 Determination of the initial microbial load on lettuce leaves 
 
To determine the initial background flora of the innermost leaf, 25 g of discs were 
homogenized in 225 mL Buffered peptone water (BPW). The spread plating technique was 
applied by cultivating 0.1 mL of this homogenate on PCA and XLD medium, and then the 
plates were incubated respectively at 30 °C and 37 °C for 48 h. 
 
3.3.7.5 Samples inoculation and treatment with EOC 
 
The discs of the lettuce samples were aseptically submerged into Salmonella suspension for 
1 h at room temperature and allowed to air-dry for 30 min in a biosafety cabinet. The EOC 
was added to half of the inoculated samples, while the other half was considered as untreated 
control. To create the conditions of inoculation, the other half of lettuce discs was submerged 
in PSB. In detail, each disc of lettuce was sprayed with approximately 300 µL of EO 
emulsion and allowed to air-dry for 30 min in a safety cabinet. Discs of lettuce were 
aseptically placed in centrifuge tube and incubated (stored) at temperature (8 °C, 37 °C), for 
specific time intervals (0 h, 24 h, 48 h, 120 h), depending on the analysis. 
 
3.3.7.6 Determination of non-, loosely and strongly attached bacterial cells 
 
At specific time intervals (0 h, 24 h, 48 h, 120 h), pieces were removed and dipped in a 
centrifuge tube containing 11 mL sterile PBS for 2-3 s to remove non-attached Salmonella 
cells. Population of loosely and strongly attached bacteria were determined. Discs were 
transferred into a sterile 50 mL centrifugal tube containing 25 mL sterile PBS with 0.1 % 
Tween 80 and vortexed for 20 s to remove loosely attached Salmonella cells. In order to 
recover the population of strongly attached salmonellas, the vortexed pieces were transferred 
into a 50-mL centrifuge tube containing 25 mL PBS and sonicated for 30 s. Enumeration of 
Salmonella population was carried out by spread-plating on XLD agar. Typical Salmonella 
colonies were counted after incubation of 24 h at 37 °C. All analyses were carried out in 
triplicate at the following intervals: 0, 24, 48 and 120 h, considering time 0 h as after 
inoculation and before essential oil treatment.  
 
3.3.8 Colour measurements 
 
Lettuce discs were aseptically obtained as described in section 3.3.7.1 without inoculation 
and placed in Petri dishes. Color CIELab coordinates were determined using a Minolta CR-
100 colorimeter reflectance spectrophotometer equipped with illuminant D65. 
Measurements were carried out using a 10 °C standard observer. Before analysis, the 
instrument was calibrated on a white standard tile. Instrumental colour determinations (three 
discs for each sample) were made on three measurements in different areas of the surface of 
the samples. Using L*, a* and b* values, the colour index (CI) was determined following 
the mythology described by Goñi et al. (2010). Colour index was obtained through the 
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CI values between -40 and -20 are related to blue-violet to dark green colours; between -20 
and -2 are related to dark green and yellowish green colours; between +2 and +20 are related 
to pale yellow and deep orange; and between +20 and +40 are related to deep orange and 
deep red colours. In addition, chroma index (C*), considered the quantitative attribute of 
colourfulness, is used to determine the degree of difference of a hue in comparison to a grey 
colour with the same lightness. The higher the chroma values, the higher the colour intensity 
of samples perceived by humans (Pankaj et al., 2011). It was calculated as (McGuire, 1992):  
 





Browning index is used to characterise the overall changes in browning colour. It was 
calculated as (Martins et al., 2015): 
`STaXWXb	WXYZ[	 `c =




Where X was calculated as following equation (Martins et al., 2015): 
 
f =
V∗ + d. i_k∗
_. jl_	k∗ + V∗ − h. e\	^∗
																																																						… (i) 
 
3.4 STATISTICAL ANALYSIS 
 
For biofilm formation, kinetic growth, effect of EOC on Salmonella serovars attachment 
experiments, results were calculated as values for arithmetical average and standard 
deviation. Means and standard deviations were calculated for the five replicates of OD590 
measures and the means were compared by Student’s t-test, fixing p < 0.05. The data were 
analysed using one-way analysis of variance (ANOVA). 
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In our study, firstly the biofilm formation capability of selected Salmonella strains and their 
cell surface hydrophobicity were evaluated. Then, the minimally inhibitory concentrations 
of 8 essential oils on the Salmonella strains were evaluated spectrophotometrically and with 
growth dynamics. Based on the obtained results, Cinnamomum zeylanicum, EOC selected 
as the most effective essential oil, was used for further in situ analysis on lettuce. The most 
suitable concentration was selected with growth dynamics in presence of various 
concentration of EOC. In the second, in situ part, we focused on the effect of EOC on the 
ability of Salmonella strains to strongly or loosely adhere on lettuce surface, and on the 
colour properties of the treated product. 
 
4.1 BIOFILM FORMATION OF Salmonella STRAINS in vitro 
 
The biofilm-forming capacity of the six Salmonella enterica serovars were evaluated in vitro 
in microplates. The influence of temperature (8 and 37 °C), surface properties (polystyrene 
and PVC), time of incubation (24 h, 48 h, 72 h), medium (Trypton soy broth (TSB), diluted 
TSB (1:10)) and inoculum concentration (105 and 107 CFU/mL) were evaluated. For further 
analysis, we selected three Salmonella serovars with the best biofilm-forming ability and 
conditions, in which Salmonella cells produced the highest quantity of biofilm. 
 
4.1.1 Influence of temperature (8 °C and 37 °C) and time (24 h, 48 h, 72 h) on biofilm 
formation 
 
Stepanović et al. (2000) introduced adherence classification of tested strains, based on the 
OD values, where the strains were classified into the following categories: no biofilm 
producers (NP), weak (WP), moderate (MP) or strong (ST) biofilm producers (Table 7). In 
our study, the means and standard deviations were calculated using five absorbance values 
for each strain. The optical density at 590 nm (OD590) was measured, and the strains were 
grouped into the following categories in detail described in Table 7. 
 
Table 7: Classification of the strains into following categories: no biofilm producers, weak, moderate or strong 
producers of biofilms based on the optical densities at 590 nm (OD590) (Stepanović et al., 2000). 
Preglednica 7: Razvrstitev sevov na osnovi optične gostote pri 590 nm (OD590) v naslednje kategorije: brez 
tvorbe biofilma, šibka, zmerna ali močna tvorba biofilma (Stepanović in sod., 2000). 
 
 The cut-off OD590 (OD590c) was defined as three 
standard deviations above the mean OD590 of the 
negative control. 
No Biofilm Producer OD590 ≤ OD590c 
Weak Biofilm Producer OD590c < OD590 ≤ (2 · OD590c) 
Moderate Biofilm Producer (2 · OD590c) < OD590 ≤ (4 · OD590c) 
Strong Biofilm Producer (4 · OD590c) < OD590 
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The influence of incubation temperature of six tested Salmonella strains are present in Table 
8. They were classified as NP, WP and MP. We used inoculum concentration of 105 CFU/ 
mL. 
 
Table 8: Biofilm formation by Salmonella strains incubated at temperature 8 and 37 °C. 
Preglednica 8: Tvorba biofilma sevov Salmonella, inkubacija pri temperaturi 8 in 37 °C. 
 
   8 °C 37 °C 
 24 h 48 h 72 h 24 h 48 h 72 h 
S. Kasenyi NP NP NP NP WP MP 
S. Veneziana NP NP NP NP WP NP 
S. Derby NP WP NP NP NP NP 
S. Napoli NP WP NP MP  NP WP  
S. Thompson NP WP NP NP NP NP 
S. Typhimurium WP WP NP WP WP WP 
NP - no biofilm producer, WP – weak biofilm producer, MP – moderate biofilm producers. 
 
After 24 h at 8 °C, S. Typhimurium was weak biofilm producer while the other strains were 
categorized as no biofilm producers; only after 48 h, S. Derby, S. Thompson and S. Napoli 
were categorized as weak biofilm producers with S. Typhimurium. However, none of the 
strains produced biofilm after 72 h at 8 °C (Figure 12). On the other hand, a different 
behaviour was observed at 37 °C, where only S. Derby and S. Thompson were classified as 
no biofilm producers during the entire incubation time. S. Kasenyi and S. Napoli were instead 
the best biofilm producers at 37 °C being moderate biofilm producers after 72 h and 24 h, 




Figure 12: Biofilm formation by Salmonella strains on polystyrene microplate incubated at 8 °C for 24 h, 48 
h and 72 h in TSB medium. Biofilm formation was measured as optical density at 590 nm (OD590). Error bars 
are the standard deviation from three replications. Columns with different letter within each group are 
statistically significantly different (p < 0.05). 
Slika 12: Tvorba biofilmov sevov Salmonella v polisterenski mikrotitrski plošči, inkubacija 24 h, 48 h in 72 h 
pri 8 °C v TSB mediju. Količino biofilma smo izmerili kot optično gostoto pri 590 nm (OD590). Vrstice napak 
so standardni odklon od treh ponovitev. Stolpci z različno črko v vsaki skupini se statistično značilno 
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Figure 13: Biofilm formation by Salmonella strains on polystyrene microtiter plate incubated at 37 °C for 24 
h, 48 h and 72 h in TSB medium. Biofilm formation was measured as optical density at 590 nm (OD590). Error 
bars represent the standard deviation from three replications. Columns with different letter within each group 
are statistically significantly different (p > 0.05). 
Slika 13: Tvorba biofilma sevov Salmonella v polistirenskih mikrotitrski plošči, inkubacija za 24 h, 48 h in 72 
h pri 37 ° C v TSB mediju. Količino biofilma smo izmerili kot optično gostoto pri 590 nm (OD590). Vrstice 
napak predstavljajo standardni odklon od treh ponovitev. Stolpci z različno črko v vsaki skupini se statistično 
značilno razlikujejo (p > 0,05). 
 
In general, the ability of Salmonella strains to form biofilm was significantly different (p > 
0.05) at 37 °C compared to their ability of forming biofilm at 8 °C. As expected, particularly 
lower capacity was observed at 8 °C, while the maximum optical density registered was 
0.159±0.022 after 24 h of incubation at 37 °C for S. Napoli. The ability S. Typhimurium 
strain for biofilm formation at 8 °C was significantly different (p < 0.05) during the 
incubation time.  
 
4.1.2 Influence of the initial inoculum concentration (105 and 107 log CFU/mL) on 
biofilm formation 
 
In general, inocula of 107 log CFU/mL showed significant differences in biofilm formation 
compared to 105 log CFU/mL (p < 0.05). After 24 h, inoculum concentration of 107 log 
CFU/mL of the strains S. Kasenyi, S. Veneziana and S. Typhimurium showed significant (p 
< 0.05) increase in biofilm formation compared to 105 log CFU/mL (Figure 14). After 48 h, 
also the strains S. Kasenyi and S. Veneziana showed significant (p < 0.05) increase in biofilm 
formation in 107 log CFU/mL, compared to 105 log CFU/mL. On the other hand, S. 
Typhimurium showed significant (p < 0.05) decrease in biofilm formation in 105 log 
CFU/mL compared to 107 log CFU/mL. After 72 h of incubation time, there was no 
significant difference between initial inoculum concentration (105 and 107 log CFU/mL) of 
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Figure 14: Biofilm formation of the Salmonella strains on polystyrene microtiter plate with different initial 
concentration of Salmonella cells (105 and 107 log CFU/mL) incubated at 37 °C in TSB medium for 24 h, 48 
h, 72 h. Biofilm formation was measured as optical density at 590 nm (OD590). Error bars represent the standard 
deviation from three replications. Columns with different letter within each group are statistically significantly 
different (p < 0.05). 
Slika 14: Tvorba biofilmov sevov Salmonella v polistirenski mikrotitrski plošči z različno začetno 
koncentracijo celic Salmonella (105 in 107 log CFU/ml), inkubacija pri 37 °C v mediju TSB, po 24 h, 48 h, 72 
h. Količino biofilma smo izmerili kot optično gostoto pri 590 nm (OD590). Vrstice napak predstavljajo 
standardni odklon od treh ponovitev. Stolpci z različno črko v vsaki skupini se statistično značilno razlikujejo 
(p < 0,05). 
 
4.1.3 Influence of the surface properties (polystyrene and PVC) on biofilm forming 
ability of Salmonella strains 
 
The influence of plastic surface properties (polystyrene and PVC) on biofilm ability was 
evaluated. Results after 24 h incubation time showed significantly (p < 0.05) different 
biofilm production of all tested Salmonella strains in PVC microtiter plate than in 
polystyrene (Figure 15). Moreover, after prolonged incubation time up to 48 h, there was 
significantly (p < 0.05) higher biofilm formation only for the strain S. Napoli in PVC 
microtiter plate in comparison to polystyrene surface. S. Typhimurium performed the best 
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Figure 15: Biofilm formation of the Salmonella strains on polystyrene and PVC microtiter plate, at 37 °C, for 
24, 48h. Biofilm formation was measured as optical density at 590 nm (OD590). Error bars represent the 
standard deviation from three replications. Columns with different letter within each group are statistically 
significantly different (p > 0.05). 
Slika 15: Tvorba biofilma sevov Salmonella v polistirenski in PVC mikrotitrski plošči pri 37 °C, po 24 h, 48 
h. Količino biofilma smo izmerili kot optično gostoto pri 590 nm (OD590). Vrstice napak predstavljajo 
standardni odklon od treh ponovitev. Stolpci z različno črko v vsaki skupini so statistično značilno različni (p 
> 0,05). 
 
4.1.4 Influence of the medium (TSB and diluted TSB (1:10) on biofilm forming ability 




Figure 16: Biofilm formation of the Salmonella strains on polystyrene microtiter plate, in different media 
(TSB, diluted (1:10) TSB), at 37 °C, for 24h, 48 h. Biofilm formation was measured as optical density at 590 
nm (OD590). Error bars represent the standard deviation from three replications. Columns with different letter 
within each group indicated statistically insignificantly different (p > 0.05). 
Slika 16: Tvorba biofilmov bakterijskih sevov Salmonella na polistirenski mikrotitrski plošči, v različnih 
medijih (TSB, razredčen (1:10) TSB), pri 37 °C, po 24 h, 48 h. Količino biofilma smo izmerili kot optično 
gostoto pri 590 nm (OD590). Vrstice napak predstavljajo standardni odklon od treh ponovitev. Stolpci z različno 
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The ability of Salmonella strains to form biofilm on the polystyrene surface in full strength 
and diluted TSB (1:10) was investigated (Figure 16). After 24 h, within each strain, no 
significant difference (p < 0.05) in the ability to form biofilm in full strength TSB or diluted 
TSB, except for S. Veneziana, was seen. The strain S. Veneziana had statistically (p < 0.05) 
higher biofilm formation in TSB than in diluted TSB after 48 h of incubation. After 48 h, 
the strains S. Veneziana, S. Napoli and S. Derby had higher biofilm formation in diluted TSB 
compared to their ability in full strength TSB. S. Kasenyi and S. Typhimurium showed 
significant different increase (p < 0.05) of biofilm formation in TSB compared to diluted 
(1:10 TSB) at 24 h incubation and also at 48 h incubation (Figure 16). 
 
Although the biofilm formation was very low for the strains capable of producing it, our 
results showed that culture condition (temperature and time of incubation) affected the 
biofilm-forming capacity of Salmonella strains; in fact, the ability to produce biofilm 
increased at 37 °C, in particular for S. Kasenyi, S. Napoli and S. Typhimurium. As regards 
the influence of incubation time on biofilm formation, this variable seemed to differently 
affect the results, depending on the biofilm initially produced. Specifically, when the strains 
produced biofilm after 24 h, it successively decreased during the incubation time; on the 
contrary, when it was not produced after 24 h, greater amounts were subsequently observed. 
Concerning medium properties and initial inoculum concentration, there were no significant 
differences influencing the biofilm-forming capacity, between tested parameters. Finally, for 
further analysis we used 105 log CFU/mL of inoculum concentration, TSB medium, 
polystyrene surface and the temperature of incubation 37 °C.  
 
4.2 CELL SURFACE HYDROPHOBICITY 
 
The results of cell surface hydrophobicity (CSH) (Table 9) exhibited a different significance 
depending on the method used; in fact statistically significant differences (p < 0.05) between 
the use of PBS or ammonium sulphate (AS) and PBS were observed for all the strains except 
S. Napoli at 8 °C. In particular at 37 °C, 5/6 Salmonella strains (S. Kasenyi, S. Veneziana, S. 
Thompson, S. Napoli and S. Typhimurium) showed enhanced adherence to hexadecane 
when ammonium sulphate (AS) was present. In contrast, adherence of S. Derby was higher 
in absence of ammonium sulphate.  
 
Table 9: Cell surface hydrophobicity (CSH %) of Salmonella enterica strains. Different small letters in the 
same row show significant differences (p < 0.05) between absence and presence of ammonium sulphate (AS) 
assays; different capital letters in the same column show statistically insignificant differences (p < 0.05) 
between strains. 
Preglednica 9: Hidrofobnost celične površine (CSH%) sevov Salmonella enterica. Različne majhne črke v isti 
vrstici kažejo statistične razlike (p < 0,05) v analizi z odsotnim in prisotnim amonijevim sulfatom (AS), različne 
velike črke v istem stolpcu kažejo statistične značilne razlike (p < 0,05) med sevi. 
 
 CHS (%) 
 8 °C 37 °C 
 Absent of AS Present of AS Absent of AS Present of AS 
S. Kasenyi 2.80aA 5.68bA 0.36aA 4.83Ba 
S. Veneziana 9.42aB 39.59bB 8.83aB 39.83bB 
S. Derby 2.35aA 9.19bC 4.24aC 1.91bA 
S. Thompson 2.71aA 8.99bC 4.47aC 11.25bC 
S. Napoli 3.42aA 4.15aA 4.28aC 21.17bD 
S. Typhimurium 6.09aB 15.04bD 5.95aC 11.57bC 
Jenič T. The use of essential oils for prevention of Salmonella adhesion on the surface of green lettuce (Lactuca sativa L.). 
   M. Sc. Thesis (Du2). Ljubljana, University of Ljubljana, Biotechnical Faculty, Department of Food Science and Technology, 2019 
 
39 
Our results indicated that the hydrophobicity of Salmonella strains was very low at 
temperature 37 °C. Specifically, none of the strains were classified as highly hydrophobic 
(CSH > 67 %), only S. Veneziana was considered moderately hydrophobic (33 % < CSH < 
67 %) in presence of AS, and the remaining strains had hydrophilic surfaces (CSH < 33 %) 
(Table 10). As a matter of fact, a statistically significant (p < 0.05) difference was found 
between hydrophobicity of S. Veneziana and other strains. Although S. Napoli was 
considered hydrophilic, it showed 21.17±6.33 of CSH (%) when tested with the use of 
ammonium sulphate buffer at 37 °C.  
 
The temperature seemed to slightly affect cell hydrophobicity depending on the serovars, 
nevertheless no statistically significant differences in hydrophobicity between 8 and 37 °C 
were observed for the greater part of the strains. As regards the assay conducted without 
ammonium sulphate, only S. Kasenyi was influenced by temperature, showing higher 
hydrophobicity at low temperatures. A similar behaviour was observed for S. Derby with the 
use of ammonium sulphate, contrary to S. Thompson and S. Napoli whose hydrophobicity 
increased significantly at higher incubation temperatures (37 °C). 
 
4.3 MINIMAL INHIBITORY CONCENTRATION (MIC) AND GROWTH 
DYNAMICS 
 
4.3.1 Determination of MIC values 
 
The MIC values were determined visually and checked spectrophotometrically by growth 
dynamics of strains in presence of different EOs concentrations. The eight EOs were studied 
for their MIC values according to the microdilution method, as depicted in Table 10. MIC 
values of essential oils against Salmonella planktonic cells ranged from 0.62 µL/mL to 
values higher than 40 µL/mL. The results indicated that several essential oils exhibited a 
significant anti-bacterial activity against the strains with a considerable variation of MICs 
and a strain-dependent sensitivity. In general, the most sensitive isolate was S. Derby, which 
was more susceptible to savory and thyme EOs (0.62 µL/mL), on the contrary S. Kasenyi, 
and S. Typhimurium were the most resistant to Origanum vulgare essential oil (10 and 7.50 
µL/mL, respectively). Rosmarinus officinalis, Salvia officinalis and Salvia sclarea EOs 
showed MIC > 40 µL/mL against the tested strains, except for Salvia officinalis EO on S. 
Derby (20 µL/mL), being therefore the least effective. In addition, Caryophillus aromaticus, 
Cinnamomum zeylanicum and Origanum vulgare EOs showed the same efficacy against S. 
Veneziana, S. Thompson and S. Napoli, with MIC values of 2.50, 1.25 and 5.00 µL/mL, 
respectively. Although both Satureja montana and Thymus vulgaris showed the lowest MIC 
value (0.62 µL/mL) against S. Derby, Cinnamomum zeylanicum showed a higher broad-
spectrum antimicrobial activity, with MIC values ranging from 1.25 to 1.87 µL/mL. In 
Figure 17, an example of determination of MIC values in microplate and Omnilog paragraph 
after incubation time is shown. 
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Table 10: Minimum inhibitory concentration (MIC) of selected essential oils against Salmonella strains. 
Different small letters in the same column indicate significant differences (p < 0.05) between treatments with 
essential oils; different capital letters in the same row indicate statistically significant difference (p < 0.05) 
between strains on essential oil sensitivity. 
Preglednica 10: Minimalna inhibitorna koncentracija (MIK) izbranih eteričnih olj na testirane seve 
Salmonella. Različne majhne črke v istem stolpcu kažejo na statistično značilne razlike (p < 0,05) med 
izpostavljenostjo z različnimi eteričnimi olji; različne velike črke v isti vrsti kažejo na statistično značilne 




 MIC (µL/mL) 
Essential oils S. Kasenyi S. Veneziana S. Derby S. Thompson S. Napoli S. Typhimurium 
Caryaphyllus 
aromaticus 
2.50 ± 0.00aA 2.50 ± 0.00aA 1.25 ± 0.00aB 2.50 ± 0.00aA 2.50 ±0.00aA 2.50 ±0.00aA 
Cinnamomum 
zeylanicum 
1.87 ± 0.88bA 1.25 ± 0.00bB 1.25 ± 0.00aB 1.25 ± 0.00bB 1.25 ±0.00bB 1.25 ±0.00bB 
Origanum 
vulgare 
10.00 ± 0.00cA 5.00 ± 0.00cB 1.87 ± 0.88bC 5.00 ± 0.00cB 5.00 ±0.00cB 7.50 ±3.54cD 
Rosmarinus 
officinalis 
> 40 > 40 > 40 > 40 > 40 > 40 
Salvia 
officinalis 
> 40 > 40 20 ± 0.00c > 40 > 40 > 40 
Salvia sclarea > 40 > 40 > 40 > 40 > 40 > 40 
Satureja 
montana 
1.87 ± 0.88bA 1.25 ± 0.00bB 0.62 ± 0.00dC 1.87 ± 0.88dA 2.50 ±0.00aD 3.75 ±1.77dE 
Thymus 
vulgaris 
2.50 ± 0.00aA 1.25 ± 0.00bB 0.62 ± 0.00dC 1.87 ± 0.88dD 1.87 ± 0.88dD 2.50 ±0.00aA 
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Figure 17: Determination MIC of Salmonella Typhimurium with different concentration of EOs on Microplate (A) and with OmniLog (B). Because of different type 
of reading, the essentials oils are in opposite order on microplate than in Omnilog paragraph. 
Slika 17: Določanje MIK Salmonella Typhimurium z različno koncentracijo EO na mikrotitrski plošči (A) in z OmniLog (B). Zaradi drugačne vrste branja so eterična 
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4.3.2 Determination of growth dynamics of tested Salmonella strains in Omnilog after 
treatment with several concentrations of different EOs 
 
Growth dynamics of Salmonella enterica serovars in the presence of increasing 
concentrations of eight EOs are shown in Figures 18-23. The plates were scanned 
automatically and recorded by the OmniLog incubator/reader at 37 °C every 15 minutes for 
48 h. The scanning technology used by Omnilog records measures the spectrophotometric 
changes in colour in the wells as digital Omnilog units. Antimicrobial activity of different 
EOs in different concentrations was represented as inhibited growth of tested Salmonella 
strain. The comparison of the growth curves with different concentration of EOs confirmed 
the efficacy of this plant oil on Salmonella strains. The control group showed a typical 
growth curve and the effect of EOs is visible in changed curve to more gradual. From the 
paragraphs, it can be seen at which EOs concentration the growth curve becomes gradual. 
This concentration represents MIC value and is in agreement with visual determination.  
 
As can be seen from Figure 18, the typical growth curves of S. Kasenyi become flat at MIC 
value 1.25 µL/mL for Cinnamomum zeylanicum, Satureja montana and Thymus vulgaris , at 
2.50 µL/mL for Caryophyllus aromaticus. EOs Salvia sclarea, Rosmarinus officinalis and 























Figure 18: Growth dynamics of Salmonella Kasenyi in the presence of increasing concentrations of eight 
essential oils. 
Slika 18: Dinamika rasti serovara Salmonella Kasenyi v prisotnosti naraščajoče koncentracije osmih eteričnih 
olj.  
Jenič T. The use of essential oils for prevention of Salmonella adhesion on the surface of green lettuce (Lactuca sativa L.). 























Figure 19: Growth dynamics of Salmonella Veneziana in the presence of increasing concentrations of eight 
essential oils. 






















Figure 20: Growth dynamics of Salmonella Derby in the presence of increasing concentrations of eight 
essential oils.  
Slika 20: Dinamika rasti serovara Salmonella Derby, v prisotnosti naraščajoče koncentracije osmih eteričnih 
olj.  
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Figure 21: Growth dynamics of Salmonella Thompson in the presence of increasing concentrations of eight 
essential oils. 






















Figure 22: Growth dynamics of Salmonella Napoli in the presence of increasing concentrations of eight 
essential oils.  
Slika 22: Dinamika rasti serovara Salmonella Napoli v prisotnosti naraščajoče koncentracije osmih eteričnih 
olj.  
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Figure 23: Growth dynamics of Salmonella Typhimurium in the presence of increasing concentrations of eight 
essential oils. 
Slika 23: Dinamika rasti serovara Salmonella Typhimurium v prisotnosti naraščajoče koncentracije osmih 
eteričnih olj. 
 
From the growth dynamics (Figures 18-23), concentrations as low as 1.25 µL/mL inhibited 
the growth of 5/6 Salmonella strains, thus confirming the visually determined MIC data with 
microdilution test. The only exception was Salmonella Kasenyi, whose growth was inhibited 
by EOs concentration of about 2.5 µL. In general, although both Satureja montana and 
Thymus vulgaris showed the lowest MIC value (0.62 µL/mL) against S. Derby, 
Cinnamomum zeylanicum showed a higher broad-spectrum antimicrobial activity, with MIC 
values ranging from 1.25 to 1.87 µL/mL. According to the results, Cinnamomum zeylanicum 
was the most effective EO, and it was considered for the following analyses. 
 
4.3.3 Determination of growth dynamics of tested Salmonella strains in Omnilog after 
treatment with EOC 
 
In order to determine the efficacy of the EOC against Salmonella serovars and select suitable 
concentration for in situ analysis, growth dynamics of Salmonella enterica serovars in 
presence of decreasing concentrations of EOC (2.5 µL/mL, 1.25 µL/mL, 0.63 µL/mL, 0.31 
µL/mL, and 0.16 µL/mL) was evaluated. A comparison of the curves obtained with different 
concentrations of EOC is shown in Figure 24. 
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Figure 24: Growth dynamics of Salmonella strains in polystyrene microtiter plates, after exposure to different 
concentration of EOC (µL/mL) and incubated by the Omnilog incubator/reader at 37 °C for 48 h. Error bars 
represent the standard deviation from four replications. 
Slika 24: Dinamika rasti sevov Salmonella v polistirenskih mikrotitrskih ploščah, po izpostavljenosti različnim 
koncentracijam EOC (µL/mL) in inkubacija z Omnilog inkubatorjem/čitalnikom pri 37 °C za 48 ur. Vrstice 
napak predstavljajo standardni odklon od štirih ponovitev. 
 
As can be inferred from Figure 24, concentrations as low as 1.25 µL/mL inhibited the growth 
of all Salmonella strains except S. Kasenyi, thus confirming the MIC data. The only 
exception was S. Kasenyi, whose growth was inhibited by EOC concentration of about 2.5 
µL/mL. The control group showed a typical growth curve, including lag, exponential and 
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stationary phase. The death phase is not clearly visible, as the Omnilog unit values do not 
include the decline of OD values. Although in presence of 0.63 µL/mL of EOC, the lag phase 
seemed to be extended and the growth rate reduced compared to the control, the cells 
exposed to sub-MIC EOC concentrations generally reached higher final Omnilog values, 
particularly for S. Derby. 
 
Since it has been generally recognized that a higher concentration of essential oil is required 
in food systems to achieve the same antibacterial effect (Ponce et al., 2011), the EOC at 
concentration of 5.0 µL/mL (4 MIC) was considered for the following in situ analyses. 
Furthermore, Salmonella enterica serovars Kasenyi, Veneziana and Napoli were used for 
further analyses, due to their ability of biofilm formation in tested conditions. 
 
4.4 EFFECT OF EOC ON Salmonella SEROVARS ATTACHMENT 
 
4.4.1 Results of initial microbial load of the lettuce leaves 
 
The number of initial aerobic mesophilic count on lettuce leaves samples was 1.26 x 105 
CFU/cm2. Furthermore, Salmonella spp. was not detected as a part of the natural microbial 
community of lettuce samples.  
 
4.4.2 Results of the non-, loose and strong attachment of Salmonella cells to lettuce 
 
To understand the anti-biofilm action of EOC in a real food system, its effect was tested also 
on lettuce leaves. The count of aerobic mesophilic bacteria in non-treated lettuce samples 
was 1.26 x 105 CFU/cm2. These numbers increased to 5.73 x 106 CFU/cm2 when inoculum 
was added and decreased to 3.49 x 106 after adding 5.0 µL/mL of EOs. The results of the 
non-, loose and strong attachment of Salmonella cells to lettuce discs at 8 °C over time are 
illustrated in Figures 25 A, B and C. Number of non-attached cells to lettuce surfaces before 
the EO treatment was about 6.56±0.27 log CFU/cm2, in comparison to loosely attached cells 
with 5.09±0.01 log CFU/cm2 and compared to strongly attached cells with 4.58±0.19 log 
CFU/cm2. 
 
After the treatment with EOC (time 1 h), loosely and strongly attached Salmonella cells were 
significantly higher in control samples. In fact, there was a reduction of about 0.78 log for 
the loosely attached and 0.63 log for the strongly attached cells. By extending the incubation 
period to 24 h, an increase in attached cells of the treated samples was noticed, which reached 
the values of control samples for both types of adherent cells. Nevertheless, the efficacy of 
EOC increased again after 48 and 120 h of incubation at 8 °C. In fact, the population of 
loosely attached Salmonella cells on control and treated surfaces was 5.51±0.08 and 
4.38±0.16 log CFU/cm2, respectively, after 48 h and 6.14±0.06 and 4.46±0.77 log CFU/cm2, 
respectively, after 120 h of incubation. A similar trend was also observed for strongly 
attached Salmonella cells and approximately 1-2 log reduction in Salmonella load on the 
lettuce surface was recorded. 
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Figure 25: Attachment of cocktail of three Salmonella strains (S. Veneziana, S. Napoli, S. Kasenyi) to lettuce 
surfaces over time at 8 °C in untreated (control) and treated samples with 5.0 µL/mL EOC. Non-attached (A), 
loosely attached (B) and strongly (C) attached cells counts were expressed as log CFU/cm2. Error bars represent 
the standard deviation of three replications. 
Slika 25: Pritrditev koktajla treh sevov Salmonella (S. Veneziana, S. Napoli, S. Kasenyi) na površino solate 
sčasoma pri 8 ° C v neobdelani (kontrolni) in obdelani z 5,0 µL/ml EOC vzorci. Število nepritrjenih (A), šibko 
(B) in močno pritrjenih (C) celic smo izrazili kot log CFU/cm2. Vrstice napak predstavljajo standardni odklon 
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4.4.3 Attachment strength 
 
The attachment strength (SR), represented as the percentage of total population of bacteria 
related to the produce surface that were strongly attached to the produce surface, was 
calculated (Dickson and Koohmaraie 1989; Elhariry et al., 2011). In our study, the effect of 
the EOC on the attachment strength (SR) of the cocktail of Salmonella cells on lettuce surface 








Figure 26: Attachment strength (SR) of cocktail of three Salmonella strains to green lettuce over time (0, 24, 
48, and 120 h) at 8 °C. Control represents lettuce with inoculum, without EOC treatment and sample represents 
lettuce with inoculum, and with EOC (5µL/mL). Columns with different letter indicated statistically 
insignificant differences between control and treated at the same time (p < 0.05). 
Slika 26: Moč pritrjevanja (SR) koktajla treh sevov Salmonella na zeleno solato v času (0, 24, 48 ter 120 h) pri 
8 °C. Kontrola predstavlja solato z inokulumom, brez obdelave z EOC in vzorec predstavlja solato z 
inokulumom in z EOC (5 µL/mL). Stolpci z različno črko v vsaki skupini se statistično značilno razlikujejo 
med kontrolo in obdelanim vzorcem (p < 0,05). 
 
Attachment strength of cocktail Salmonella strains increased with time, the only exception 
was at 24 h, where SR value was the lowest, 0.46. There was no significant difference (p > 
0.05) between all tested SR values. The effect of EOC at 48 h of incubation was the most 
effective and attachment strength decreased for 0.029. These results showed that the addition 
of EOC had influence on SR value of cocktail Salmonella cells in prolonged incubation time 
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4.5 COLOUR ANALYSIS 
 
To investigate various characteristics of lettuce, commonly related with its quality, the 
colour evolution of control and treated samples was evaluated and presented in Table 11 and 
graphical display is shown in Figure 28. On lettuce samples, the lightness value (L*) seemed 
slightly decreasing as a feature of storage time, particularly for control samples after 120 h 
of incubation where significant differences with respect to the treated samples were also 
observed. The a* values, which indicate chromaticity on a green (-) to red (+), generally 
increased during incubation time; in fact, the control samples showed values of about -1.47 
at the beginning, reaching positive values after 48 h (0.15±0.42) and 120 h (0.20±0.92), thus 
diverging from the green range. Moreover, statistically significant differences (p < 0.05) 
among treated and untreated samples were observed after 48 h of the incubation at 8 °C for 
a* and after 120 h for b* values. With respect to this latter parameter, control and treated 
samples showed values of 14.17±1.30 and 8.37±2.07, respectively, indicating a tendency 
toward yellow for the control samples (Table 11; Figure 27; Figure 28). 
 
Table 11: Colour properties of untreated lettuce (control) and treated with Cinnamomum zeylanicum essential 
oil (EOC) with 5µL/mL concentration. Different letters indicate statistically significant differences between 
control and treated samples at the same time (p < 0.05). Data represent the mean±SD of the three independent 
experiments. C*=Chroma Index; CI=Colour Index; BI= Browning index. 
Preglednica 11: Barvne lastnosti neobdelane solate (kontrolna) in obdelane z eteričnim oljem Cinnamomum 
zeylanicum (EOC) s koncentracijo 5 µL/ml. Različne črke kažejo na statistično pomembne razlike med 
kontrolnimi in obdelanimi vzorci hkrati (p < 0,05). Podatki predstavljajo srednjo vrednost ± SD treh neodvisnih 
poskusov. C * = Indeks ʺChromaʺ; CI = barvni indeks; BI = indeks porjavitve. 
 
 0 h 24 h 48 h 120 h 
 control control EOC control EOC control EOC 
L* 54.53±3.01 52.20±3.55a 50.66±1.05a 48.99±2.77a 47.45±1.51b 43.04±2.38a 51,69±1,88b 
a* -1.47±0.33 -1.14±0.34a -1.18±0.23a 0.15±0.42a -0.95±0.24a 0.20±0.92a -0,50±0,18a 
b* 7.47±0.64 6.72±1.33a 6.44±1.25a 9.01±2.15a 5.69±0.83a 14.17±1.30a 8,37±2,07b 
C* 7.62±0.61 6.83±1.29a 6.55±1.27a 9.02±2.14a 5.78±0.79a 14.22±1.21a 8,39±2,05b 
CI -3.68±1.14 -3.35±1.31a -3.62±0.05a 0.41±1.15a -3.63±1.30b 0.45±1.68a -1,29±0,84a 




Figure 27: Appearance of lettuce treated with or without EOC during storage time (0, 24, 48, 120 h) at 8 °C. 
Slika 27: Videz solate, obdelane z ali brez EOC med časom shranjevanja (0, 24, 48, 120 h) pri 8 °C.  
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Figure 28: Graphic display of lightness value L* (A), a* value (B), b* value (C) of untreated lettuce (control) 
and treated with Cinnamomum zeylanicum essential oil (EOC) with 5µL/mL concentration. Different letters 
indicate statistically significant differences between control and treated samples at the same time (p < 0.05). 
Slika 28: Grafični prikaz vrednosti svetlosti L * (A), a* vrednosti (B), b* vrednosti (C), neobdelane solate 
(kontrola) in obdelane z eteričnim oljem Cinnamomum zeylanicum (EOC) s koncentracijo 5 µL ml. Različne 
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4.5.1 Colour index 
 
The colour index (CI), which determines colour saturation or intensity, presented negative 
values in general, while control samples reached positive values in the last two sampling 
times (48 h and 120 h), evidencing a progressive yellowing of the untreated samples. 
Furthermore, statistically significant differences with respect to tested samples were 




Figure 29: Colour index of untreated lettuce (control) and treated with Cinnamomum zeylanicum essential oil 
(EOC) with 5µL/mL concentration. Different letters indicate statistically significant differences between 
control and treated samples at the same time (p < 0.05).  
Slika 29: Barvni indeks neobdelane solate (kontrolni) in obdelan z eteričnim oljem Cinnamomum zeylanicum 
(EOC) s koncentracijo 5 µL/ml. Različne črke kažejo na statistično značilne razlike med kontrolnimi in 
obdelanimi vzorci hkrati (p < 0,05). 
 
4.5.2 Chroma index 
 
The Chroma index (C*), that connotes the quality of a colour’s purity, intensity or saturation, 
showed a similar tendency to the one observed for the b* values; in fact this index was 
strongly influenced on the b* parameters. Only at 120 h there was statistically significant 
difference (p < 0.05) between control and tested lettuce (Figure 30). From the results from 
chroma and colour index, it was concluded that after 48 h and 120 h of storage, the yellow 
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Figure 30: Chroma index of untreated lettuce (control) and treated with Cinnamomum zeylanicum essential oil 
(EOC) with 5µL/mL concentration. Different letters indicate statistically significant differences between 
control and treated samples at the same time (p < 0.05). 
Slika 30: Indeks ʺChromaʺ neobdelane solate (kontrolni) in obdelan z eteričnim oljem Cinnamomum 
zeylanicum (EOC) s koncentracijo 5 µL/ml. Različne črke kažejo na statistično razlike med kontrolnimi in 
obdelanimi vzorci hkrati (p < 0,05). 
 
4.5.3 Browning index 
 
The increase of some parameters (b*, CI) for untreated samples during the final storage times 
might be explained by browning reactions due to endogenous enzymes, such as polyphenol 
oxidase. The Browning Index (BI), which generally increased during the storage period, was 
another colorimetric parameter evaluated (Figure 31). In particular, after 48 h and 120 h time 
of storage, the controls had significant difference in BI value (p < 0.05) in comparison to 




Figure 31: Browning index of untreated lettuce (control) and treated with Cinnamomum zeylanicum essential 
oil (EOC) with 5µL/mL concentration. Different letters indicate statistically significant differences between 
control and treated samples at the same time (p < 0.05). 
Slika 31: Indeks porjavitve neobdelane solate (kontrolni) in tretirano z eteričnim oljem Cinnamomum 
zeylanicum (EOC) s koncentracijo 5 µL/ml. Različne črke kažejo na statistično značilne razlike med 
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5 DISCUSSION  
 
5.1 BIOFILM FORMATION in vitro AND CELL SURFACE HYDROPHOBICITY  
 
Different points of the food production and supply chain (production processes, handling, 
and packaging) can lead to contamination of fresh produce with pathogens (García-Heredia 
et al., 2013). Cell surface properties, such as flagella, pili, hydrophobicity, play important 
role in attachment of the bacterial cells to the various surfaces (Elhariry, 2010). In our study, 
we first carried out a screening to evaluate the ability of Salmonella strains to adhere and 
produce biofilm on plastic material such as polystyrene and polyvinyl chloride. Results of 
the presented work revealed that in general, the S. enterica serovars tested possessed low 
ability of adherence and biofilm production in 96-well polystyrene plates and, among the 
strains, S. Derby and S. Thompson showed the lowest capacity. Low capacity of the tested 
strains to adhere to the polystyrene surface may be due to their low cell hydrophobicity, 
which characterized the adhesion interactions to this surface (Elhariry, et al., 2011). Our 
outcomes are encouraging for food industries since the plastic materials are commonly used 
in food processing plant. In general, all tested Salmonella strains were able to produce 
biofilm on plastic surface with different degrees, which is in agreement with findings of Ben 
Abdallah et al., (2014). 
 
Our results did not show an increase of biofilm production by Salmonella strains in diluted 
TSB (1:10), in contrast to other authors’ findings (Patel and Sharma, 2010). In general, 
Salmonella strains produce more biofilm in nutrient-limited medium (diluted TSB) than in 
nutrient-rich medium (TSB) (Stepanović et al., 2004). However, it is not possible to state 
that all Salmonella strains are not strong biofilm producers on plastic surface, because the 
capacity to adhere is a strain- and serovar-dependent characteristic (Patel and Sharma, 2010; 
Soni et al., 2013) or might be due to the use of not enough diluted medium or too high 
temperature of incubation. Some authors used (1:20) or (1:100) diluted TSB medium 
(Stepanović et al., 2004; Bhowmick et al., 2011) and 22 °C as the most suitable temperature 
for biofilm formation (Soni et al., 2013). In fact, previous studies showed that Salmonella 
was able to adhere on different surfaces, such as plastic (hydrophobic) and stainless steel 
(hydrophilic) (Ziech et al., 2016; Gkana et al., 2017; Ben Abdallah et al., 2014). Regarding 
the reduction of biofilm formation during the incubation time, observed in particular for S. 
Napoli at 37 °C, it could be linked to the detachment of the cells that subsequently developed 
into planktonic cells (Cogan et al., 2016). 
 
In agreement with our results, Ben Abdallah et al. (2014), evaluated Salmonella strains 
isolated from poultry as hydrophilic, with moderate and weak biofilm activity on 
polystyrene, but with strong biofilm formation on hydrophobic glass surface. They observed 
no correlation between cell surface hydrophobicity and biofilm formation. In our study, the 
biofilms formed on the polystyrene surfaces did not reflect the cell surface hydrophobicity, 
in contrast with Kanoshiki et al., (2015), who reported correlation between cell surface 
hydrophobicity and biofilm formation. 
 
In our study, S. Veneziana, which was moderately hydrophobic, formed low levels of 
biofilm; on the contrary, S. Kasenyi and S. Napoli, which were the best biofilm producers at 
37 °C, were classified as hydrophilic. However, considering the very low levels of biofilm 
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formed by all the strains, the classification for the great part of them as hydrophilic could be 
in agreement with the data. In fact, An and Friedman (1998) suggested that bacteria with 
hydrophilic properties prefer hydrophilic material surfaces, while hydrophobic bacteria may 
adhere to more surfaces than the others. Moreover, Chae et al. (2006) indicated that 
polystyrene is a highly hydrophobic material and hydrophobicity is one of the factors 
involved in bacterial attachment to polystyrene. As in regarding the influence of incubation 
temperature on CSH, differently from Di Ciccio et al. (2015) who observed a generally 
increased level of Staphylococcus aureus surface hydrophobicity with increasing 
temperature, in our study this phenomenon was observed only for two strains in the 
ammonium sulphate assay. 
 
5.2  MINIMAL INHIBITORY CONCENTRATION AND GROWTH INHIBITION 
DYNAMICS  
 
In response to the growing interest in using natural plant-derived compounds to reduce 
microbial contamination and anti-adhesion activity in food industry (Ouedrhiri et al., 2016), 
in the present work we evaluated the anti-Salmonella effect of 8 essential oils. In general, 
the EOs varied in their MIC values against Salmonella enterica serovars. Caryophyllus 
aromaticus, Cinnamomum zeylanicum, Origanum vulgare, Satureja montana and Thymus 
vulgaris essential oils showed growth inhibitory effect at low concentrations on the majority 
of the tested bacterial strains (MIC values ranging from 0,62 to 10 µL/mL). On the other 
hand, Rosmarinus officinalis, Salvia officinalis and Salvia sclarea did not show any 
antibacterial activity against Salmonella strains (MIC > 40 µL/mL). 
 
Differences in chemical composition can explain the variation observed in the antimicrobial 
activity of the various EOs. Different components are known to act differently on bacterial 
cell cytoplasmic membranes (Mazzarrino et al. 2015). A good antibacterial activity was 
observed for the oils of clove, savory and red thyme. In fact, these essential oils have been 
previously studied for their strong antimicrobial properties (Ghabraie et al., 2016) and their 
anti-Salmonella activity has been investigated by some authors (Mulla et al., 2017; Possas 
et al., 2017; Miladi et al., 2016). Cinnamomum zeylanicum essential oil, previously found to 
be composed of mainly 90 % of aldehydes (76.2 % trans-Cinnamaldehyde, 12 % 
Cinnamaldehyde, o-methoxy and 3.5 % Cinnamyl acetate) (Mazzarrino et al. 2015) showed 
the highest broad-spectrum antimicrobial activity with MIC values ranging from 1.25 µL/mL 
to 1.87 µL/mL. It has been proposed that cinnamaldehyde may explain the strong inhibitory 
effect by covalently cross-linking DNA, proteins and amine groups, altering their normal 
function and therefore inhibiting enzymes involved in less important cell functions 
(Paparella et al. 2008). In agreement with our results, a previous study (Rana et al., 2011) 
demonstrated a wide-range antimicrobial potential of Cinnamon EO against different 
pathogenic bacteria including Salmonella Typhimurium. On the other hand, Joshi et al. 
(2009) examined Cinnamomum zeylanicum EO without finding any efficacy against 
Salmonella Typhi strain, thus underlining a better resistance of the tested Gram negative 
with respect to the more susceptible Gram positive bacteria, probably because of the 
differences in cell wall structure. Hildgaard et al. (2012) suggested that Gram negative 
bacteria, thanks to the lipopolysaccharide (LPS) that protects them from hydrophobic 
compounds, are more tolerant to the essential oils. 
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Conversely to de Medeiros Barbosa et al. (2016), who showed a strong anti-Salmonella 
activity of oregano essential oil, in this work the MIC values ranged from 1.87 to 10.0 µL/mL 
on the different tested strain, showing only a moderate activity. According to Mazzarrino et 
al. (2015), sage and clary sage showed low antibacterial activity against Salmonella enterica. 
Similarly, Hammer et al. (1999) did not observe antimicrobial activity of Salvia sclarea to 
inhibit any of the tested microorganisms at the highest concentration employed (2 % v/v). 
Among Salmonella enterica serovars, S. Derby was the most sensitive to EOs. On the 
contrary, Mazzarrino et al. (2015) used Salmonella Derby as the most resistant strain and 
used this strain in a study aimed to determine the effect of EOs on growth dynamics. Based 
on this, it can be confirmed that biodiversity of the strains also plays a crucial role in 
antimicrobial activity, even in the same species. 
 
The essential oils effects observed on Salmonella growth were in accordance with the MIC 
evaluation and suggested that antimicrobial activity was probably due to the presence of 
components that showed a dose-dependent efficacy. The prolonged lag period and reduced 
growth rate in presence of 0.63 µL/mL concentration of cinnamon essential oil are consistent 
with cells' response to stressing events, as already observed by Serio et al. (2010), as lag 
phase extension is necessary to repair little damages and to restore the physiological state 
for multiplication. Moreover, the growth stimulation in presence of sub-MIC concentration 
of the EOC, observed by the achievement of higher final Omnilog values in Salmonella cells 
growth dynamics, could be explained by cellular response to the stress induced by low 
concentration of EO (Ferhout et al., 1999). Regarding the adaptation to the antimicrobial 
stress, Di Pasqua et al. (2010) observed up-regulation of the outer membrane proteins in S. 
Thompson cells as a response to the treatment with sub-lethal concentration of thymol. 
However, a change in microbial gene expression could be necessary in order to grow in 
presence of toxic substances. Nevertheless, Serio et al. (2010) proved an almost immediate 
change in cytoplasmic membrane organization of Listeria monocytogenes, when exposed to 
small concentrations of Origanum vulgare EO, aimed to increase cells' tolerance towards 
some kinds of environmental stress.  
 
Our results of growth dynamics showed that 1.25 % Cinnamomum zeylanicum had a clear 
inhibitory effect on the growth of all Salmonella tested strains, except for S. Kasenyi, which 
required EOC of 2.50 %. Mazzarrino et al. (2015), evaluating the inactivation dynamics of 
cinnamon towards Salmonella spp., observed an extended lag phase and a decrease of 
maximal growth values (final values). They used a concentration of 2.5 µL/mL to achieve 
the bactericidal effect and increase the death rate of Salmonella. 
 
5.3 EFFECT OF Cinnamomum zeylanicum EO ON Salmonella SEROVARS 
ATTACHMENT TO LETTUCE LEAVES 
 
The ability of pathogenic bacteria, including Salmonella, to adhere to surface of fruit and 
vegetables is a potential concern for food industry and constant food safety problem. A better 
understanding of bacterial adhesion and presence on fresh produce is an important factor in 
preventing foodborne outbreaks. In our study, the attachment and persistence of three 
Salmonella strains (S. Veneziana, S. Napoli, S. Kasenyi) were evaluated on lettuce during 
refrigerated storage. The concentration of non-attached, loosely attached and strongly 
attached Salmonella cells was determined. Until the end of the storage time, no Salmonella 
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enterica was detected on uninoculated lettuce samples, which gives evidence of a good 
manufacturing practice during harvest and transport. 
 
Our result pointed out that the ability of Salmonella biofilm formation on lettuce were 
different from that on the polystyrene surface. We demonstrated rapid initial attachment (1h) 
of Salmonella on lettuce, which is in agreement with Patel and Sharma’s findings (2010), 
while they reported of correlation between ability to form biofilm on polystyrene surface 
and its ability of attachment to fresh produce surface, which was not observed in our study. 
The rapid adhesion to lettuce compared with in vitro medium and polystyrene materials 
could be linked to the lettuce surface characteristic that affect bacterial adhesion. Moore-
Neibel et al. (2013) suggested that bacterial attachment via biofilm is a multifactorial 
complex process where several factors, such as hydrophobicity and roughness, are involved; 
in addition, the surface moisture and availability of nutrients could provide protection to 
Salmonella (Castro-Rosas et al., 2010). On the other hand, Rossi et al., (2016) indicated that 
bio-surfactant produced by Salmonella can increase the survival of the bacteria on lettuce 
leaves; in fact, the authors showed that the pathogen uses this surface active agent to increase 
the adhesion on lettuce leaves.  
 
The application of plant essential oils to reduce microbial contamination of lettuce has been 
previously recorded (Yossa et al., 2013; Gündüz et al., 2010). Various studies demonstrated 
antimicrobial activity of different essential oils against Salmonella cells on lettuce 
(Karagözlü et al., 2011; de Medeiros Barbosa et al., 2016), and some studies investigated the 
antibiofilm and antiadhesive activities (Kurinčič et al., 2016; Prakash et al., 2019; Tan et al., 
2017; Letsididi et al., 2018). Little information is available on the effects of these 
antimicrobial agents on the Salmonella attachment on lettuce leaves. In our study, 
differences in log CFU/cm2 of Salmonella attachment between control and treated samples 
were observed.  
 
Although the roughness of lettuce surface could reduce the efficiency of essential oil (Cui et 
al., 2016), the loosely and strongly attached Salmonella cells were significantly higher in 
control, particularly after 48 and 120 h of incubation. These findings showed greater effects 
of the EOC going forward with the storage time, emphasizing also their persistence. Our 
results of attachment strength (SR) are in agreement with Patel and Sharma (2010), who 
reported increasing SR value in time. According to Warner et al. (2008), Salmonella could 
increase its attachment strength over prolonged incubation time (48 h, 120 h) for different 
reasons. In fact, Salmonella cells could have settled in niches on the leaf surface, such as 
areas around stomata and in cell margins. Furthermore, other studies demonstrated that 
Salmonella can survive longer time when they are associated with aggregates of other 
bacteria on vegetable surface (Monier and Lindow, 2005). In a study of Todd et al. (2013), 
they concluded that longer storage time of lettuce samples treated with essential oils provides 
the greatest reduction of Salmonella cells on leafy greens, in agreement with our results. 
Furtheremore, Kurinčič et al. (2016) demonstrated anti-adhesion activity of natural 
antimicrobials rosmarinic and ferulic acid. 
 
The effect of EOs sub-lethal concentrations in reducing bacterial adhesion could be due to 
the interactions with surface proteins of the bacterial cells or to the reduction of flagella 
production and motility (Soni et al., 2013). Todd et al. (2013), in their study of antimicrobial 
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effect of cinnamon oil against Salmonella cells on organic leafy green, concluded that 
effectiveness of cinnamon oil is dependent on essential oils concentration, time of treatment, 
storage temperature, and type of the green vegetable.  
 
5.4 COLOUR ANALYSIS 
 
The quality of lettuce is commonly associated with several characteristics, such as bright 
green colour and absence of defects in leaves or enzymatic browning (Goñi et al., 2013). In 
our study, lettuces generally showed changes in L*, a*, and b* during the storage probably 
due to the loss of initial leaf colour; in fact, generally lower L* and higher a* and b* values 
indicate that the product is more browned (Altunkaya, 2011). The effect of presence of 
Cinnamomum zeylanicum essential oil was shown as decreasing L* value, compared to the 
control that result in decreased lightness. Furthermore, to the same results also came Viacava 
et al. (2018), who showed decreasing in L* value as a result of the effect of thyme essential 
oil, where differences are decreased with increasing storage time. This is in agreement with 
our study, where we observed the significant differences of colour at the end of the storage 
among control and treated samples. Higher occurrence of browning reactions in untreated 
samples results in quality loss and reduced shelf life. In fact, the observed values of 
Browning Index, which is an indirect measure of the soluble pigment compounds produced 
by browning reactions, confirmed the lower browning phenomenon in EO treated lettuces. 
In agreement with our results, Chen et al. (2017) demonstrated the inhibitory effects of clove 
essential oil and eugenol on the browning of fresh-cut lettuce. The authors suggested a 
slowdown in the loss of chlorophyll and in the diffusion of browning in fresh-cut lettuce, 
through the use of anti-browning compounds. Goñi et al., 2013, evaluated the effect of tea 
tree and clove essential oil on the colour index (CI), on Butterhead lettuce. They determined 
no significant differences between treated and untreated samples. Chroma index showed 
decreased values in treatment with EOC in comparison with the control, which reflects in 
lower intensity of the lettuce colour during storage time. Interesting, Siroli et al. (2015) did 
not find any differences in colour parameters of lettuce dipped in thyme or oregano compared 
to control dipped in chlorine, which represent essential oils useful in alternative sanitizer 
treatment. 
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• Ability of biofilm formation of the Salmonella strains is depending on serovar, 
temperature (higher temperature, more biofilm), time of incubation (prolonged 
incubation time, more biofilm) and surface properties (more biofilm in PVC). On the 
other hand, initial inoculum concentration and medium properties did not make any 
differences on biofilm forming capacity of tested Salmonella strains.  
 
• Results showed a discrepancy between the capacity to form biofilm in vitro and in situ. 
We have proven no or low biofilm production of Salmonella strains on polystyrene 
plates at 8 °C, and showed low hydrophobicity. On the contrary, they easily and 
quickly adhered to lettuce surface. 
 
• We proved antibacterial activity of the tested essential oils against Salmonella strains, 
with plant species and microbial strain-dependent efficacy. The most effective oils 
were from Cinnamomum zeylanicum and Thymus vulgaris, with higher broad-
spectrum antimicrobial activity. The most sensitive strain was S. Derby. It was the 
most susceptible to essential oils of Satureja montana and Thymus vulgaris. On the 
contrary, S. Kasenyi and S. Typhimurium were the most resistant, especially to 
Oregano essential oil.  
 
• We demonstrated the anti-adhesive activity against Salmonella of the tested essential 
oils, and particularly of Cinnamomum zeylanicum EO, which was able to reduce the 
attachment of Salmonella strains to the lettuce surface in small concentrations (5 
µL/mL). The most effective was after prolonged storage time (120 h), with reduction 
1-2 log of strongly attached cells.  
 
• We confirmed that Cinnamomum zeylanicum essential oil exerts anti-browning effect 
on lettuce surface during its storage, moreover, also reducing microbial load and 
improving produce appearance during storage time. 
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Fresh and ready-to-eat vegetables have been involved in food-borne associated outbreaks, 
particularly due to intestinal pathogenic bacteria Salmonella. Recently, capability of 
Salmonella cells to survive longer outside the intestine, and especially the ability to adhere 
to various surfaces, among others to lettuce leaves and consequent biofilm forming ability 
was evidenced. Demand for natural and safe products without negative impact on human 
health have associated essential oils (EOs) for their application as bio-preservation of fresh 
products. Purpose of this study was to evaluate the ability of natural EO of Cinnamomum 
zeylanicum against Salmonella cells attachment on green lettuce surface. 
 
Our study focused on the possible application of EOs as an alternative strategy for prevention 
of bacterial cell adhesion on green lettuce. The work has been organized into the first, in 
vitro part, where biofilm formation capability of 6 Salmonella enterica serovars and their 
cell surface hydrophobicity were analysed. In addition, the antimicrobial activity of 8 
essential oils on the Salmonella strains was also evaluated, together with their influence on 
strains growth dynamics. Based on the results, the best biofilm producers S. Kasenyi, S. 
Veneziana and S. Napoli, were selected for the following in situ analysis. Based on the MIC 
values, Cinnamomum zeylanicum EO (EOC) was the most effective (MIC 1.25-1.87 
µL/mL), confirmed by the inactivation dynamics. Consequently, in the second, in situ part, 
we focused on the effect of EOC on the ability of Salmonella strains to strongly or loosely 
adhere on lettuce surface, and on the colour properties of the treated product. For this 
purpose, inoculated (with 5 x 105 CFU/mL of S. Kasenyi, S. Veneziana and S. Napoli) and 
un-inoculated lettuce leaves were treated with a suspension of 5.0 µL/mL EOC.  
 
Our experimental data showed a discrepancy among the capability to form biofilm in vitro 
and in situ. In fact, while Salmonella strains were no or low biofilm producers on polystyrene 
plates at 8°C, and showed low hydrophobicity, they easily and quickly adhere to lettuce 
surface in a loose and/or strong way. The results therefore emphasize the need to evaluate 
this kind of capability in real conditions as the food matrix and surface could strongly 
influence microbial adhesion. The most meaningful result is the anti-adhesion efficiency 
activity of EOC on Salmonella strains on lettuce surface in small concentrations (5.0 
µL/mL). A reduction of 0.78 log for loosely attached and 0.63 log for strongly attached cells 
was immediately observed, and the strongly significant effect was confirmed at 120 hours at 
8 °C, with a reduction greater than 1.5 log with respect to controls.  
 
Even though food safety is a well-mastered concept, prevention of bacteria disease is not the 
only factor that has to be considered to ensure appropriate quality. Cinnamomum zeylanicum 
EO could represent an effective alternative to conventional lettuce washing treatment with 
chlorine solution, reducing microbial load and also improving product appearance during 
time. Furthermore, it does not create unwanted substances. Before being used in food 
industry, further studies must be performed to identify the effects also on other pathogens, 
native lettuce microbiota and other quality characteristics of fresh products.  
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Vedno večje zavedanje ljudi, o pomembnosti uživanja zelenjave, vključno z zeleno solato, 
pomembno pripomore k boljšemu zdravju celotne populacije (Olaimat in Holley, 2012). 
Število izbruhov povezanih s hrano, še posebej z uživanjem sveže solate, se povečuje, kar 
predstavlja solato kot pomemben vektor pri prenosu patogenih bakterij, ki se prenašajo s 
hrano (Barak in Schoeder, 2012). Velik problem in izziv nam predstavljajo bakterije, ki so 
razvile različne mehanizme preživetja v neugodnih razmerah. Mednje spada tudi sposobnost 
pritrjevanja črevesnih bakterij rodu Salmonella na površino zelene solate (Castro-Rosas in 
sod., 2010; Spector in Kenyon, 2012). Nezadostno toplotno obdelano perutninarsko meso, 
okužena jajca ter izdelki iz njih predstavljajo glavni vir okužbe s salmonelo (WHO, 2017; 
Reij in Den Aantrekker, 2004). Do okužbe solate lahko pride zaradi neustrezne higiene 
tekom proizvodnega procesa (gnojenje na poljih, transport pri neustrezni temperaturi) ter 
navzkrižna kontaminacija doma. Skupaj s sposobnostjo pritrjevanja na različne površine in 
tvorbo biofilma predstavljajo te bakterije zaskrbljujoč problem v živilsko-predelovalni 
industriji (Kroupitski in sod., 2009b; Reij and Den Aantrekker, 2004). 
 
Površina listov zelene solate zaradi svoje zgradbe, hrapavosti ter dostopnosti hranil iz 
poškodovanih delov predstavlja ugoden medij za rast in razmnoževanje velikega števila 
mikroorganizmov (od 103 do 107 bakterij/gram listov) (Lima in sod., 2013; Hallmann in sod., 
2001). Površinske lastnosti bakterijske celice, kakršna je hidrofobnost, povezujemo s stopnjo 
sposobnosti pritrjevanja na površine. Poleg tega predstavlja posledična tvorba biofilma 
glavno prilagoditev bakterij rodu Salmonella na neugodne razmere v okolju (Shen in Fang, 
2012). Biofilm je zelo dobro organiziran ekosistem, v katerega so vključeni različni genetski 
in fiziološki mehanizmi, npr. sposobnost pritrjevanja na površino, proizvodnja izvenceličnih 
polimerov (EPS) ter medcelična signalizacija. Dobro organizirana struktura omogoča 
celicam v biofilmu večjo odpornost proti neugodnim okolijskim razmeram in toksičnim 
snovem v primerjavi s planktonskimi celicami; ščiti pred  izsušitvijo, UV žarki, antibiotikom 
in rastlinskim sekundarnim metabolitom s protimikrobnim učinkom (Yaron in Römling, 
2014; Garrett in sod., 2008). 
 
Rastlinske celice so na zunanjem delu zaščitene z voskasto hidrofobno kutikulo, osnovna 
funkcija zagotavlja zaščito pred zunanjimi vplivi (UV sevanje, izsušitev, mikroorganizmi), 
vendar razpoke ob poškodbi listov omogočajo lažjo pritrditev in dostopnost hranil 
bakterijskim celicam (Fernandes in sod., 2014; Kroupitski in sod., 2009; Alegbeleye in sod., 
2018). Uredba Evropske Unije 2073/2005 pri zagotavljanju varne hrane zahteva odsotnost 
(ali zmanjšanje prisotnosti) patogenih mikroorganizmov pri vseh živilih, namenjenih za 
prehrano ljudi (Commission regulation, 2005). Pri industrijski proizvodnji solate se zato 
uporabljajo različna razkužilna sredstva, saj spiranje samo z vodo, kar je najpogostejša 
domača tehnika, ni dovolj učinkovito (redukcija < 1 log CFU/g) (Ssemanda in sod., 2018; 
Millan-Sango in sod., 2017). Raztopina klora je najpogosteje uporabljeno razkužilo, vendar 
lahko privede do sinergističnega učinka med klorom in sestavinami živila, pri čemer 
nastanejo spojine, ki negativno vplivajo na naše zdravje (Garcia-Heredia in sod., 2013).  
 
Različni deli aromatičnih rastlin predstavljajo potencialno zanimiv vir sekundarnih 
metabolitov. Številne študije opisujejo učinkovitost eteričnih olj kot bioaktivnih substanc z 
antioksidativnim, protimikrobnim, protiadhezijskim ter protifilmotvornim delovanjem (Baj 
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in sod., 2018; Miladi in sod., 2016; Kurinčič in sod., 2016). Protimikrobna aktivnost je 
odvisna od kemijske sestave ter koncentracije aktivnih sestavin (Tiwari in sod., 2009). 
Glavna sestavina določa biološko učinkovitost, vendar sinergističen učinek vseh komponent 
lahko privede do boljše protimikrobne učinkovitosti (Nazzaro in sod., 2013). Mehanizmi 
delovanja niso še povsem znani, najverjetneje motijo delovanje celične membrane, celične 
stene ter membranskih proteinov (Calo in sod., 2015; Hyldgaard in sod., 2012). Najbolj 
zastopane in raziskane bioaktivne komponente eteričnih olj s protimikrobnim učinkom so 
fenoli, terpeni, terpenoidi, alifatski alkoholi, fenilpropeni, aldehidi, ketoni in etri.  
 
Atraktivna in privlačna barva svežih živil ter odsotnost delov, ki so porjaveli, je za potrošnika 
zelo pomembna lastnost. Uporaba eteričnih olj z namenom zmanjšanja rasti 
mikroorganizmov, obenem pa še inhibicijsko delovanje na encime, ki pomembno prispevajo 
k porjavitvenem procesu, predstavljala eterična olja kot alternativne naravne konzervanse 
(Chen in sod., 2017). 
 
Cilj magistrskega dela je bil ovrednotiti protiadhezijski učinek izbranih eteričnih olj na seve 
bakterij rodu Salmonella na površini zelene solate. Učinek cimetovega eteričnega olja smo 
ovrednotili glede na različno stopnjo vezave bakterijskih celic ter preverili vpliv eteričnega 
olja na njene barvne lastnosti in njegovo učinkovitost proti encimskem porjavenju robov. 
Določili smo si štiri delovne hipoteze: a) sevi bakterije rodu Salmonella bodo tvorili močan 
biofilm na plastični površini, kar bo v povezavi z njihovo celično hidrofobnostjo na površini 
zelene solate; b) eterična olja bodo imela različne protimikrobne učinke in učinkovitost 
posameznega eteričnega olja bo odvisna od občutljivosti posameznih sevov; c) eterična olja 
bodo takoj po nanosu bolj učinkovita na adhezijo slabo pritrjenih celic kot na močno pritrjene 
celice, kar se bo odrazilo v večjem zmanjšanju bakterijskih celic v primerjavi s kontrolo, z 
daljšim časom skladiščenja se bo zmanjšala učinkovitost eteričnega olja; d) eterična olja 
bodo imela vpliv na barvne lastnosti zelene solate ter na zmanjšano porjavitev robov. 
 
Delo smo razdelili v dva dela. V prvem, in vitro delu, smo analizirali sposobnost tvorbe 
biofilma 6 serovarov vrste Salmonella enterica (S. Veneziana, S. Kasenyi, S. Thompson, S. 
Derby, S. Napoli, S. Typhimurium) na plastični površini in njihovo površinsko hidrofobnost. 
Biofilm smo določali z metodo barvanja s kristal vijoličnim. Rezultati so pokazali, da vsi 
testirani sevi slabo tvorijo biofilm v polistirenskih mikrotitrskih ploščah, najslabša tvorca sta 
bila S. Derby in S. Thompson. Po drugi strani pa je sev S. Typhimurium pokazal največjo 
tvorbo. Pokazali smo vpliv različnih parametrov, ki vplivajo na tvorbo biofilma: temperatura 
inkubacije, čas inkubacije ter lastnosti površine. Začetna koncentracija inokuluma in gojišče 
nista vplivala na tvorbo biofilma. Iz rezultatov lahko sklepamo, da je tvorba biofilma odvisna 
ne samo od rodu, temveč tudi od vrste sevov, kar so dokazali tudi Patel in Sharma (2010) in 
Soni in sod. (2013). Naši rezultati niso pokazali večje tvorbe v razredčenem gojišču, vendar 
obstaja možnost, da nismo uporabili dovolj razredčenega gojišča ali pa previsoko 
temperaturo inkubacije (37 °C). Stepanović in sod. (2004) navajajo temperaturo 22 °C kot 
najbolj optimalno temperaturo za tvorbo biofilma pri bakteriji rodu Salmonella. Naši 
rezultati so v nasprotju s poročanjem Patel in Sharma (2010), ki navajata boljšo tvorbo 
biofilma v revnem gojišču (1:10 TSB) kakor v obogatenem gojišču (TSB). 
 
Hidrofobnost smo določali z metodo MATH (ang. microbial adhesion to hydrocarbon), kjer 
smo določili hidrofobne lastnosti celične površine bakterijskih celic Salmonella, v 
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prisotnosti dveh različnih reagentov PBS in PBS ter amonijevega sulfatata (AS). Preučili 
smo tudi vpliv temperature na hidrofobnost. Oba reagenta sta pokazala hidrofilne lastnosti 
bakterijske celice, samo S. Veneziana je bila klasificirana kot zmerno hidrofobna. An in 
Friedman (1998) sta predlagala, da se bakterije s hidrofilnimi lastnostmi raje pritrdijo na 
hidrofilne površine, medtem ko se bakterije s hidrofobno površino pritrjujejo na različne 
vrste materialov. Dokazali smo, da tvorba biofilma v polisterenskih mikrotiterskih ploščah 
ni povezana s celično hidrofobnostjo, enako so dokazali tudi Ben Abdallah in sod. (2014) na 
primeru bakterije Salmonella.  
 
Preden smo se lotili in situ analize, smo določili najbolj učinkovito eterično olje (najnižja 
vrednost MIK (ang. Minimum inhibitory concentration)). Ovrednotili smo protimikrobno 
aktivnost 8 eteričnih olj (timijan, kraški šetraj, rožmarin, muškatna kadulja, nageljnove 
žbice, origano, žajbelj, cimet) na testirane seve Salmonella enterica, skupaj z njihovim 
vplivom na dinamiko rasti. Uporabili smo mikrodilucijsko metodo z različnimi 
koncentracijami eteričnega olja (0,16-40 µL/mL). Izkazalo se je, da je S. Derby najbolj 
občutljiv sev, saj ima vrednost MIK (0,62 µL/mL) za kraški šetraj (Saturea montana) ter 
timijan (Thymus vulgaris), po drugi strani pa sta seva S. Kasenyi ter S. Typhimurium najbolj 
odporna na origano (Origanum vulgare) MIK (10 in 7,50 µL/mL). Dokazali smo, da eterična 
olja rožmarina, žajblja ter muškatne kadulje nimajo protimikrobnega učinka na testirane seve 
(MIK >40 µL/mL). Iz tega lahko zaključimo, da ima biotska raznovrstnost sevov ključno 
vlogo pri protimikrobni odpornosti tudi v istem rodu. Poleg tega vplivajo tudi razlike v 
kemijski zgradbi in sestavi posameznih eteričnih olj. Cimetovo eterično olje, ki je 
sestavljeno pretežno iz aldehidov (90 %) (trans cimetni aldehid, cimetni aldehid) ter 
cinamilacetata (Mazzarino in sod., 2015), je pokazalo najširši spekter delovanja. Mehanizmi 
protimikrobnega delovanja vplivajo na DNA, proteine ter na amino skupine, s čimer 
spremenijo njihovo normalno delovanje in tako inhibirajo celične encime (Paparella in sod., 
2008). Naši rezultati so v skladu z spoznanji Rana in sod. (2009), dokazali so učinkovitost 
cimetovega eteričnega olja na različne patogene bakterije, vključno z bakterijo rodu 
Salmonella Typhimurium. Po drugi strani Josh in sod. (2009), niso dokazali učinkovitosti 
cimetovega eteričnega olja na rod Salmonella. 
 
Učinkovitost eteričnih olj smo ovrednotili glede na dinamiko rasti posameznih sevov. 
Rezultati so v skladu z vrednostmi MIK, ki smo jih določili s spektrofotometrično metodo. 
Pokazali so, da je protimikrobna aktivnost odvisna od koncentracije (odmerka). 
Koncentracija 0,63 µL/mL eteričnega olja se je odrazila v podaljšani fazi rasti (lag faza) ter 
v zmanjšanem številu celic, kar je posledica prilagajanja celic na stresne pogoje. Serio in 
sod. (2010) so opisali podaljšano fazo rasti kot čas, ki je potreben, da celice popravijo nastalo 
škodo ter za ponovno vzpostavitev razmer, v katerih se celice lahko delijo. Na prisotnost 
sub-inhibitorne koncentracije eteričnega olja se bakterijske celice odzovejo z večjo 
stimulacijo rasti, kar lahko razložimo z odzivom na stres, ki ga povzroči nizka koncentracija 
eteričnega olja (Ferhout in sod., 1999). Podobno so tudi Di Pasqua in sod. (2010) ugotovili 
povečano uravnavanje beljakovin na površini celične membrane S. Thompson, kot odgovor 
na subletalno koncentracijo timola. Sprememba v izražanju genov je potrebna za rast v 
prisotnosti toksičnih snovi. Serio in sod. (2010) so dokazali takojšnjo spremembo 
organizacije celične membrane pri bakteriji rodu Listeria monocytogenes, ki je bila 
izpostavljena majhnim koncentracijam eteričnega olja origano, s ciljem povečati toleranco 
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na okoljski stres. Za nadaljnje raziskave smo uporabili cimetovo eterično olje, ki je pokazalo 
širok spekter protimikrobnega delovanja na vse testirane seve.  
 
V drugem, in situ delu, smo se osredotočili na protiadhezijski učinek cimetovega eteričnega 
olja na koktajl treh sevov bakterij Salmonella enterica z najboljšo tvorbo biofilma, ki se 
močno ali ohlapno vežejo na površino solatnih listov ter na barvne lastnosti obdelanega 
živila. V ta namen smo inokulirane liste solate (s 5 x 105 CFU/ml S. Kasenyi, S. Veneziana 
in S. Napoli) in neinokulirane liste obdelali s suspenzijo EOC v koncentraciji 5,0 µL/ml. 
Slabo pritrjene in močno pritrjene bakterijske celice so bile prisotne v večjem številu v 
kontrolnem vzorcu kakor ob dodatku EOC, kar nakazuje na njegovo učinkovitost. 
Najpomembnejši rezultat predstavlja protiadhezijska učinkovitost na seve bakterij rodu 
Salmonella na površini solate, še posebej v majhnih koncentracijah (5,0 µL/mL). Zmanjšanje 
0,78 log stopnje za ohlapno vezane in 0,63 log za močno pritrjene celice je bilo opaziti takoj, 
pomemben učinek pa smo dokazali po 120 ur pri 8 °C, z zmanjšanjem adheriranih celic za 
več kot 1,5 log stopenj, glede na kontrolo. Testirani sevi bakterij niso tvorili biofilma na 
polistirenskih mikrotitrskih ploščah pri 8 °C in so pokazali slabo hidrofobnost, nasprotno pa 
se enostavno in hitro pritrdijo na površino listov solate. Boljšo in hitrejšo pritrditev na 
površino solate kot na plastiko lahko pripišemo specifičnim značilnostim površine 
rastlinskih celic. Moore-Neibel in sod. (2013) predlagajo, da je bakterijska adhezija 
kompleksen proces, na katerega ima velik vpliv hidrofobnost in hrapavost površine ter tudi 
dostopnost hranil in vode (Castro-Rosas in sod., 2010). Rezultati zato poudarjajo potrebo po 
ovrednotenju bakterijske adhezivnosti v realnem stanju, saj lahko kompleksnost matriksa 
živil in površina močno vplivata na mikrobno adhezijo. Calo in sod. (2016) so dokazali, da 
lahko hrapavost površine solate zmanjša učinkovitost eteričnega olja, vendar se je v naši 
raziskavi izkazalo, da ima cimetovo eterično olje pri daljšem času skladiščenja večjo 
obstojnost in posledično boljšo učinkovitost. 
 
Kakovost zelene solate je povezana s številnimi lastnostmi, ena izmed njih je vizualna ocena, 
kjer igra pomembno vlogo atraktivna in privlačna svetla zelena barva brez napak na listih in 
ne-encimskega porjavenja robov solate (Goni in sod., 2013). Barvne lastnosti solate smo 
določili s kolorimetrično analizo vzorca, pri tem smo določili vrednosti L* (svetlost barve), 
a* (lega barve na rdeče-zeleni osi) ter b* (lega barve na rumeno-modri osi). Na osnovi 
izmerjenih parametrov smo izračunali barvni indeks (CI), indeks ʺChromaʺ (C) ter indeks 
porjavitve (BI). Rezultati kontrolnih vzorcev (brez dodanega EOC) so pokazali spremembe 
v vrednostih L*, a* ter b*, kar je najverjetneje posledica izgube barve listov. Pravzaprav 
nižje vrednosti L* ter višje vrednosti a* in b* pomenijo, da je izdelek bolj rjav (Altunkaya 
in sod., 2011). Učinek prisotnosti EOC nakazuje na padajočo vrednost L*, kar nakazuje na 
bolj temno barvo (zmanjšanje svetlosti). Podobno so dokazali tudi Viacava in sod. (2018), 
ki so pokazali zmanjšanje vrednosti L* kot posledico učinka timijanovega eteričnega olja. 
Statistično značilne razlike med obdelanimi vzorci in kontrolo smo določili pri indeksu 
ʺChromaʺ (120 h) in pri porjavitvenem indeksu (48 h in 120 h). Dokazali smo vpliv 
prisotnosti EOC na manjšo intenzitete zelene barve in boljšo intenziteto rumene barve v 
primerjavi s kontrolnim vzorcem po 120 h skladiščenja. Rezultati poudarjajo večjo 
prisotnost porjavenja v neobdelanih vzorcih, kar je posledica topnih pigmentov spojin, ki 
nastanejo z reakcijami porjavitve. Chen in sod. (2017) so pokazali zaviralni učinek 
eteričnega olja nageljnove žbice in eugenola na porjavitev sveže rezane solate, kar je v 
skladu z našimi rezultati. Dokazali smo vpliv cimeta na izboljšanje barvnih lastnosti solate 
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tekom skladiščenja, nismo pa dokazali vpliva na intenzivnost barve. To lahko pojasnimo kot 
dejstvo, da je bila rumena barva kontrolnega vzorca bolj intenzivna kakor svetlo zelena barva 
obdelanega vzorca. Bolj intenzivna rumena barva odvrača potrošnika od nakupa takega 
izdelka. Tudi Viacava in sod. (2018) so dokazali učinek timijanovega eteričnega olja na 
izboljšane barvne lastnosti solate pri skladiščenju do 12 dni.  
 
Najpomembnejši sklepi, ki smo jih lahko naredili na podlagi eksperimentalnih rezultatov:  
Sposobnost tvorbe biofilma je specifična lastnost posameznega serovarja. Na tvorbo 
biofilma izbranih bakterijskih celic rodu Salmonella pozitivno vplivajo temperatura in čas 
inkubacije. Začetna koncentracija inokuluma, lastnosti medija ter hidrofobnost površine 
bakterijske celice v naših poskusih niso pokazali vpliva. Rezultati so pokazali različno 
sposobnost tvorbe biofilma in vitro ter in situ. Dokazali smo slabo in vitro tvorbo biofilma 
pri 8 °C in nizko hidrofobnost. Na površino zelene solate pa se, ravno nasprotno, enostavno 
in hitro pritrdijo.  
 
Dokazali smo protimikrobno učinkovitost eteričnih olj (razen za rožmarin, žajbelj in 
muškatno kaduljo) z različno občutljivostjo serovarjev. Cimetovo in timijanovo eterično olje 
se je izkazalo s širokim spektrom delovanja na bakterije. Najbolj občutljiv sev je bil S. Derby, 
najbolj odporna pa seva S. Kasenyi in S. Typhimurium. Dokazali smo protiadhezijski učinek 
cimetovega eteričnega olja v majhnih koncentracijah (5 mL/mL). Najbolj učinkovit je po 
daljšem času skladiščenja (120 h), z zmanjšanjem 1-2 log za močno pritrjene celice. 
 
Potrdili smo protiporjavitveno delovanje Cinnamomum zeylanicum eteričnega olja tekom 
skladiščenja zelene solate, poleg tega smo zaznali izboljšane barvne lastnosti solate med 
kontrolo ter obdelano solato s cimetovim eteričnim oljem. 
 
Kljub temu, da je varnost hrane dobro osvojen pojem, preprečevanje bakterijskih okužb ni 
edini dejavnik, ki ga je treba upoštevati, da zagotovimo ustrezno kakovost. Eterično olje 
cimeta predstavlja učinkovito alternativo konvencionalni obdelavi solate z raztopino klora, 
ki zmanjšuje število mikroorganizmov in izboljšuje videz izdelka. Poleg tega ne tvori 
nezaželenih snovi. Preden pa se eterična olja lahko uporabijo v prehrambeni industriji, je 
potrebno opraviti še nadaljnje študije, da bi ugotovili učinek tudi na druge patogene, naravno 
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